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ABSTRACT

A new fluorescence enhancement technical platform based on nanostructured
aluminum oxide (NAO) has been discovered. Experiments reveal that this new platform
can enhance the fluorescence signals up to two or three orders of magnitude compared to
a traditional glass substrate platform. In order to realize a large-scale arrayed fluorescence
biosensing platform for high throughput applications, a rapid and cost-effective process
has been developed to fabricate the micropattemed NAO of a variety of shapes. An
optical characterization technology, by introducing UV light irradiance, has been found
for the first time to determine if the NAO has been formed from A1 and the level of NAO
formation. This technique is particularly useful for the determination of NAO formed in
the A1 micropattems. This UV characterization technology can also be used for the
prediction of the defect position of the micropattered NAO array in NAO-based
fluorescence applications. In order to facilitate fast biological analysis, a reconfigurable
sample delivery system has been developed and integrated into this platform to realize
the automatic generation of different concentrations of biological sample for
immunoassay. Given the simple and cost-effective fabrication process of the
micropattemed NAO array, this type of nanostructure platform has great potential for
applications in integration with microdevices and microfluidic devices for fluorescencebased high throughput biological analysis.
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CHAPTER 1

INTRODUCTION

1.1

Overview

Fluorescence technology has been widely used for sensing and detection in many
different areas, such as microscopy imaging, a variety of biology detections (e.g., DNA
arrays and gene sequencing), clinic diagnosis and environmental monitoring [1, 2]. It is
the most common labeling technique in biosensing and bioimaging because of the
diversity, simplicity and good-biocompatibility of the organic dyes. However, the low
fluorescence intensity of the organic dyes reduces the sensitivity and response of the
applications. In addition, the poor photostability also restricts the organic dyes’ sensitivity
and reliability for long-term tracking and imaging. How to increase the sensitivity of
fluorescence detection via methods that amplify the fluorescence intensity and improve
the photostability of the organic dyes has been an active research topic of significant
importance.
Nanomaterials have received much attention in recent years due to their unique
chemical and physical properties resulting from their extreme small size, reduced surface,
quantum confinement and macro quantum tunnel effects [3-6]. The advancement of
nanotechnology has successfully made various nanostructures, such as nanoparticles,
nanotubes, nanowires and nanospheres [7-14], Integrating these nanomaterials with

1

2

fluorescence technology provides a great opportunity to enhance the performance of
fluorescence-based applications.
In this chapter, an introduction of the fluorescence technology is presented.
Different nanomaterial facilitated fluorescence enhancing methods and their mechanisms
are provided. The dissertation objective and organization will also be described.

1.2

Principle of Fluorescence

Fluorescence is a form of luminescence phenomena. It is defined as the emission
of light from a substance which has absorbed light or other electromagnetic radiation. In
the majority of cases, the emitted light has a longer wavelength with lower energy than
the absorbed light or electromagnetic radiation. A Jablonski diagram is usually used to
illustrate the processes that occur between the absorption and emission of the light.
Figure 1.1 is a simplified Jablonski diagram showing the molecular processes during the
excitation and emission cycle of a fluorophore. So, Si and S2 represent the singlet ground
state, and the first and second electronic states, respectively. In each electronic energy
state, there are different vibration energy levels depicted as 0, 1 and 2. The fluorophore
can exist in any of those vibration energy levels. Following the light absorption, the
fluorophore is usually exited to a higher vibration level of the first Si or second S2
electronic state. The molecule will quickly relax to the lowest vibration level of Si
through an internal conversion process. This process typically occurs within 10 ps or less
and it is generally completed before light emission [15]. Because of the fluorophore
losing energy during the internal conversion process, the emitted light usually has a lower
energy than the absorbed light. Finally, the fluorophore emits the light when it returns to
the ground state So-

_ 2

Sll

Internal conversion

±

Si:
h i)a / V W ^

h v A/ \ N \ h >

So;
Figure 1.1 Simplified Jablonski diagram
Two most import characteristics of a fluorophore is the fluorescence quantum
yield ( Q) and the lifetime (x). The quantum yield is defined as the number of emitted
photons relative to the number of absorbed photons. Hence, substances with higher
quantum yield would lead to higher detectable fluorescence signals than ones with lower
quantum yield under the same experimental conditions. The quantum yield (Q) is given
by

r
<2 =

r+

(l.i)
fcnr

where, f represents the emissive/radiative rate of the fluorophore and km is the rate of all
non-radiative decay. The quantum yield can be close to unity if the radiative rate f is
much bigger than the non-radiative decay rate km. The fluorescence lifetime is defined as
the average relaxation time to the electronic ground state, which is typically near 10 ns
[15]. It determines the time available for the fluorophore to react with its surrounding
environment. The less time the fluorophore spends on the excited state, the less
possibility for reactions to occur, such as with oxygen free-radicals which would cause
photobleaching, and the more photostability the fluorophore can achieve. The
fluorescence lifetime x can also be given by T and km as

Fluorescence technology is the technology of detecting the light as a signal.
Hence, its sensitivity is highly related to the intensity of the emitted light and the
photostability of the fluorophore. The fluorescence quantum yield ( Q) and the lifetime (r)
are the characteristics to determine the intensity and photostability of a fluorophore.
These two characteristics are highly related, as shown in Equation (1.1) and (1.2). For
example, the increase of fluorescence quantum yield ( Q) caused by the increase of the
radiative rate F will also decrease the fluorescence lifetime x at the same time. In other
words, an intensity increase is usually in company with a lifetime decrease which leads to
a photostability increase. It is usually hard to modify these two characteristics since they
are determined by the fluorescence internal processes, radiative decay rate F and nonradiative decay rate knr. However, because of the oscillating dipole behavior of an excited
fluorophore [16, 17], fluorescence processes can be modified when an interface, which
has the ability to alter the local electromagnetic environment, is present in the vicinity of
a fluorophore.

1.3

Modecular Detection Efficiency Modification

The fluorescence detection efficiency can be characterized by the relative
molecular detection efficiency (MDE), which is defined as the number of detected
photons versus the number of absorbed photons [18]. The MDE function at a position ro
is given by
MDE(ro) = Fexc x Q x MCE(r0) ,

(1.3)

where, fexc is the excitation rate at the fluorophore, Q is the quantum yield, and MCE(ro)
is the molecular collection efficiency function (the ratio of detected and emitted photons)
at point ro. As shown in the MDE function, there are three ways to increase the
fluorescence detection efficiency. The first way is through increasing the light intensity
at the fluorophore, since the excitation rate r exc will increase with the electromagnetic
field in the vicinity of the fluorophore. The second way is through modifying the
fluorescence internal relaxation process in order to increase the quantum yield Q. The
third way is through improving the detection instrument to collect as many emitted
photons as possible to increase the molecular collection efficiency MCE(ro).
By modifying the existing fluorophores in these three ways, advanced
nanomaterials could dramatically increase their intensities and photostability, and hence
increase the sensitivity to facilitate the detection of an ultra-low concentration of targeted
species.

1.4

Fluorescence Enhanced by Nanomaterials

The nanomaterials provide two approaches for fluorescence enhancement. One is
through using the nanoparticles with/without organic dyes as the new probes to replace
the traditional organic dyes in labeling, such as quantum dots (QDs), metal-core
nanoparticles, silica nanoparticles and polymer nanoparticles [19-26]. Compared to
traditional organic dyes, these new nanoparticles, with/without organic dyes, provide
superior optical properties involving brighter fluorescence, higher photostability, and
wider selection of excitation and emission wavelength. The other approach is through
surface enhanced fluorescence (SEF) by presenting a nanostructured surface in the
vicinity of traditional organic dyes, such as a silver or gold island surface, aluminum

nano structured surface, grating metal surface and ZnO/SiC^ core/shell nanorod arrayed
surface [27-33]. The strong electromagnetic field caused by surface plasmons and
scattering by the nanostructured surface could dramatically enhance the fluorescence
through the modifying of the relative molecular detection efficiency (MDE) by increasing
the excitation rate, fluorescence quantum yield of the fluorophore and light collection
efficiency.

1.4.1

Nanoparticles for Fluorescence Enhancement

1.4.1.1

Quantum Dots
Quantum dots are semiconductor nanocrystals made of atoms of elements from

group II to VI (e.g., Cd, Zn, Se, Te) or III-V (e.g., In, P, As) in the periodic table [34, 35].
Because of the quantum confinement effect arising from their very small dimensions
(<10 nm), the excitation wavelength of QDs is narrow and independent, the emission
wavelength is broad and the optical properties can be easily tuned by their size, shape and
composition [36, 37]. To be more specific, different fluorescence wavelengths can be
realized by simply tuning the size of QDs, and QDs with different colors can be excited
by using one single excitation source. Compared to traditional organic dyes, the QDs
have 10-20 times brighter fluorescence and about 100-200 times better photostability
[38]. These unique optical characteristics make QDs ideal fluorophores for ultrasensitive,
multicolor and multiplexing applications in biological detection and imaging. For
example, Wu et al. successfully demonstrated QDs could effectively label specific
molecular targets at a subcellular level by labeling of cancer marker Her2 and other
cellular targets with QDs [39]. They also showed the great photostability of QDs
compared to organic dyes (Figure 1.2). Nie’s group developed a scheme to implant the
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QDs for cancer targeting and imaging in living animals, which shows the possibilities for
ultrasensitive and multiplexed imaging of molecular targets in vivo [40]. Wang’s group
reported a multiplexed detection method using multicolor oligonucleotide-functionalized
QDs as nanoprobes and that this method can achieve DNA hybridization detection in a
single molecule level [41]. Although QDs shows to be promising candidates for replacing
the organic dyes, QDs made of Cd, Se, or Te may cause cell apoptosis due to the
cytotoxicity from these heavy atoms. This will hinder their wide applications in
biomedical studies performed in vivo before it is solved.

Figure 1.2 Photostability comparisons between QDs and Alexa 488. Top row: nuclear
antigens were labeled with QD 630-streptavidin (red) labeled nuclear antigens, and
microtubules were labeled with Alexa 488 conjugated to anti-mouse IgG (green) labeled
microtubules in a 3T3 cell. Bottom row: microtubules were labeled with QD 630streptavidin (red), and nuclear antigens were stained green with Alexa 488 conjugated to
anti-human IgG. The specimens were continuously illuminated for 3 minutes [39].
1.4.1.2

Metal-Core Nanoparticles
The fluorescence enhancement of fluorophores near a metal surface is well known

to be the result of the interaction between the light emitted from fluorescence molecules
and surface palsmons (SPs) in the metal particles [42, 43]. In most case, this interaction
also shortens the fluorescence lifetime, thus improving the photostability of the
fluoreophores [44], By conjugating fluorophores to metal particles to form dye
conjugated metal nanoparticles, the fluorescence of the molecule would be greatly

g
enhanced. Because the distance between fluorescence molecules and the metal surface
determines the enhancement or quenching of the fluorescence [45], a spacer layer is
needed between the fluorophore and the metal particle. For example, Gerritsen’s group
used silica as the shell between the metal nanoparticle and the fluorophore, and used gold
and silver as the metal core [21]. This results in 6.8 times and 12.5 times fluorescence
enhancement for Au-FAM (FAM: carboxyfluorescein) and Ag-CYe (CYe: cascade
yellow) nanoparticles, compared to the original fluorophores FAM and CYe. The
fluorescence lifetime also decreases from 4.3 ns and 5.1 ns to 3.1 ns and 1.95 ns for AuFAM and Ag-CYe nanoparticles, respectively. Geddes’s group also reported eightfold
and twentyfold increases in fluorescence for Eu-TDPA and Rh800 conjuated silvercore/silica-shell nanoparticles compared to nanobubbles without a silver core (Figure 1.3)
[22], Although the fluorephore conjugated metal-core nanoparticles can enhance the
fluorescence of conjugated dyes, more research is needed to find the optimized distance
between the metal core and the different types of dyes.
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Figure 1.3 Fluorescence emission intensities of Eu-TDPA-doped Ag@SiC>2 and Rh800doped Ag@SiC>2 and from the corresponding fluorescent nanobubbles, Eu-TDPA-doped
Si02 and Rh800-doped Si02 without a silver core [22].
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1.4.1.3

Silica Nanoparticles
Using silica nanoparticles, with fluorophores encapsulated inside, as optical

sensors for various analytes has been widely researched in the last decades [46]. The
silica nanoparticles are mechanically stable and transparent particles with size ranging
from a few to hundreds of nanometers [47]. Because more than one molecule can be
incorporated into the particle, the fluorophores encapsulated into the silica matrix are
brighter than single organic dyes. The encapsulated fluorophores also exhibit excellent
photostability due to the silica matrix shielding them from molecular oxygen, which
would cause the photobleaching of excited molecules. In addition, the inclusion structure
makes the dye-to-biomolecule labeling ratio dramatically increase, leading to high signal
amplification factors in fluorescence detection [35]. Peng et al. reported successful
synthesizing of galactose-conjugated silica nanoparticles (GCNPs) which retain excellent
biological activity [48]. They used these nanoparticles as an immunofluorescence assay
for cell labeling and precisely identified low number of liver cancer cells in the blood
(Figure 1.4). Shi et al. reported a nanoprobe based on Rhodamine B isothiocyanate doped
silica nanoparticals for early-stage apoptosis detection and imaging [49]. This type of
silica nanoparticles, modified with Annexin V, performed much better photostability for
staining apoptotic cells compared to the conventional fluorochrome, such as Cy3-labeled
Annexin V. The silica nanoparticles are very promising candidates for biosensing and
imaging. More biological studies and further improvement in sensing scheme design are
required to reveal their full potential.

(

II

Figure 1.4 Recognition of liver cancer cells from mixed MCF-7-GFP (green) cells with
GCNPs. Top: Bright-field and fluorescent-field images of cells incubated with GCNPs.
GCNPs (red) located on the surface of liver cancer cells. Bottom: Bright-field and
fluorescent-field images of cells with bare fluorescent nanoparticles without galactose
treatment. No signal (red) was apparent [48].
1.4.1.4

Polymer Nanoparticles
Polymer nanoparticles (PNPs) are conjugated polymers (CPs) nanoparticles with

size ranging from 5 nm to 250 nm. The CPs are macromolecules with 7i-conjugated
backbones that facilitate photo- and electro-luminescence [50]. The aggregation of CP
molecules determines which color the polymer nanoparticles will show [51], In other
words, the color can be easily tuned during the process of the polymer nanoparticles’
formation. Like QDs, they are promising fluorescent probes to replace the organic dyes
for biodetection and bioimaging with high fluorescence, good photostability and low
cytotoxicity. Chiu’s group reported treating polymer nanoparticles with functional groups
for visualizing cell surface marker (EpCAM) in cancer cell (MCF-7) membranes [52],
The functionalized polymer nanoparticles can effectively and specifically label cell
surface markers (EpCAM) (Figure 1.5). They also do a quantitative analysis on the flow
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cytometry data, indicating that the average intensity of polymer nanoparticles labeled
cells was -25 times brighter than those labeled with the QDs-IgG and -1 8 times brighter
than those labeled with the Alexa-IgG. The photostability of this polymer nanoparticle
was investigated later, and the result indicated it is much more photostable than an
organic dye which is commonly used in cellular labeling (Figure 1.6) [53]. In addition to
cellular imaging, they also have been used to detect metal ions, intracellular pH and
temperature [54-56]. Although the low cytotoxicity of polymer nanoparticles makes them
better candidates than QDs for biological studies in vivo, how to control the surface
chemistry and bioconjugation has been a primary challenging problem which must be
resolved before they are widely adopted.

Figure 1.5 (a) Confocal fluorescence images of live cells MCF-7 incubated sequentially
with anti-EpCAM primary antibody and PNPs-IgG conjugates (top), and PNPs-IgG
conjugates only (bottom), (b) Confocal fluorescence images of live cells MCF-7
incubated sequentially with anti-EpCAM primary antibody, biotinylated goat antimouse
IgG secondary antibody, and PNPs streptavidin conjugates (top), and without secondary
antibody IgG (bottom) [52].
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Figure 1.6 Confocal fluorescence images showing intensity changes of the PNPs cellsurface labeling (red) and the Hoechst nuclear stain (blue) under continuous laser
scanning for 20 minutes [53].
1.4.2

Nanostructured Surface for Fluorescence Enhancement

1.4.2.1

Metal Enhanced Fluorescence
Metal enhanced fluorescence is the most common type used in surface enhanced

fluorescence. The main mechanism is due to the surface plasma resonance caused by
interactions between the fluorophors and the metal surface [18, 44,45]. Surface plasmons
are quasi-particles due to the quantization of coherent electron oscillations that are
confined at the interface of any two materials. The dipole behavior of the fluorophore
causes the electron oscillations on the metal surface, and thus the surface plasmons. The
surface plasmons interacting with the light near the metal create surface polaritons as a
result of surface plasma resonance. The surface polaritons are bound on the surface with a
perpendicular evanescent field which decays exponentially with increasing distance from
the surface. The surface polaritons will be gradually attenuated due to energy losses from
absorption by the metal when they travel along the flat metal surface. However, if the
surface is tailored to a periodically rough or corrugated surface with nanostructure on the
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scale o f the light’s wavelength, the absorption of surface polaritons can be overcome
[57]. The surface plasmons, which are confined near the nanostructure on the
nanostructured metal surface, are called localized surface plasmons. The localized surface
plasmons coupling with surface polaritons greatly increase the electromagnetic field, and
hence enhance the fluorescence dramatically by increasing the excitation rate of the
fluorophores. The quantum yield of the fluorophor increases while photostability
decreases due to the radiative decay rate increase when the fluorophore is in the
proximity of metal colloids [58]. In addition, the nanostructured surface can efficiently
redirect the light towards the detector [59]. All in all, the nanostructured metal surface
increases molecular detection efficiency through the modification of its three parameters
in Equation (1.3), leading to dramatic fluorescence enhancement. Another important
thing that needs to be mentioned is the distance between the fluorophore and the metal
surface. The metal surface can lead to either enhancement or quenching the fluorescence
and depends on the distance. Usually, for distances less than 10 nm, strong quenching
will occur, whereas fluorescence enhancement occurs for distances larger than
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nm

[45]. However, the precise optimal distance depends on the surface material and
nanostructure type. Because of the distance dependence for fluorescence enhancement,
there is usually a spacer deposited between the fluorophores and the metal surface.
Inhomogeneous metal nanostructured surfaces can be fabricated by physical
vapor deposition or chemical growth/bind with low cost [31, 43]. The Lakowicz group
report a nanostructured substrate formed by silver colloids of 20-30 nm in diameter [43].
This colloid-coated surface was found to increase the fluorescence of indocyanine green
(ICG) conjugated human serum albumin (HSA) by 30 times compared to a glass
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substrate, and in the meantime, it decreased the lifetimes and increased the photostability
of the fluorophore. Later, they reported using gold particles to enhance the fluorescence
for immunoassay [29]. The gold nanoparticles film was fabricated by evaporation
deposition, and the bond between rabbit immunoglobulin G (IgG) and alexa fluor anti
rabbit IgG was used as the model for immunoassay. They also examined the effect of a
silica spacer between the labeled protein and gold film, and found the maximum
fluorescence enhancement (~6 -fold) was reached when the spacer was 10 nm. The same
group also reported nanostructured aluminum film to enhance the fluorescence in the
ultraviolet-blue region of the spectrum [31]. They found a maximum of ~9-fold increase
in the fluorescence intensity for a DNA base analogue 2-AP on a 10-nm-thick aluminum
film with a 10 nm poly-(vinyl alcohol) (PVA) spacer (Figure 1.7). However, although the
fabrication of this type nanostructured surface is inexpensive, the inhomogeneity of the
nanostructures on the surface makes it hard to predict its effectiveness using
computational modeling.
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Figure 1.7 Fluorescence spectra of DNA base analogue 2-AP on 10- and 80-nm-thick
aluminum film and a quartz slide. Inset shows the normalized spectra [31].
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A homogeneous metal nanostructured surface is usually fabricated by using
lithography technology in order to form periodic nanopattems on the substrate [32, 60,
61]. For example, Hung et al. reported using e-beam lithography to fabricate a
poly(methyl methacrylate) (PMMA) grating on a 50 nm gold film with a periodicity of
500 nm [32]. Rhodamin 6 G (R6 G) was coated on this substrate and a 10-fold increase in
fluorescence was observed. It is noted that further grating pitch optimization can increase
the fluorescence even more. Bakker et al. also used e-beam lithography to fabricate gold
elliptical nanoparticles to form antennae for fluorescence enhancement [60]. By putting
Rhodamin 800 (Rh800) between pairs of the nanoparticle antennae, the system shows
100 times enhancement of the fluorescence. Chou’s group fabricated a plasmonic
nanostructured substrate using nano-imprinting with self-assembly [61]. This novel
device, termed “disk-coupled dots-on-pillar antenna array” (D2PA), is a threedimensional (3D) array combination of gold disks on top of periodic nonmetallic pillars
and gold backplane on the pillar foot (Figure 1.8). An immunoassay of Protein A and
human immunoglobulin G (IgG) was performed on this platform, and a molecular spacer
was used to increase the distance of the fluorophores and the substrate to avoid
fluorescence quenching. The average fluorescence is increased by 7400-fold which is the
biggest enhancement so far on nanomaterials facilitated fluorescence enhancing
platforms. However, although the homogenous nanostructures on the substrate give us an
opportunity to predict the interactions in the system, the low efficiency of fabrication
(e.g., the low throughput of E-beam lithography and the low reproducibility of nanoimprinting) is still challenging for batch fabrication.
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Figure 1. 8 (a) Schematic of D2PA plate (overview and cross-section), (b) Schematic of
the immunoassay on the D2PA, consisting of a self-assembled monolayer (SAM) of
adhesion layer as spacer, Protein-A and IRDye-800cw conjugated human-IgG. (c)
Scanning electron micrograph (SEM) of D2PA with 200 nm period (overview and crosssection) [61].
1.4.2.2

Metal Oxide Enhanced Fluorescence
Metal oxide nanostructured surfaces are also used for fluorescence enhancement

[33, 62-64], Different from MEF, no spacer is needed between the fluorophore and the
substrate to avoid fluorescence quenching, which simplifies the experimental procedure.
Liu et al. reported a simple nanoscaled ZnO film of 10-fold fluorescence enhancement
for dyes attaching on it [62]. Dorfman et al. used ZnO nanorods as fluorescence
enhancing substrates to enable sub-picomolar and attomolar detection sensitivity for
proteins and DNA [63]. Gu et al. reported using Sn0 2 nanomaterial to enhance the
fluorescence emissions during the DNA hybridization, and detect target DNA at a very
low concentration of 10 fM while using a covalent linking scheme [64]. They fabricated a
microarray of Sn0 2 nanomaterial and treated the whole surface with a covalent or noncovalent immobilization scheme, and in both schemes, the Sn0 2 areas always showed
stronger fluorescence signals than areas without SnC>2 covering (Figure 1.9). Zn 0 /Si0 2
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core/shell nanorod arrays have also been reported to enhance the fluorescence in DNA
hybridization detection [33]. The proposed mechanisms for metal oxide enhanced
fluorescence include changing the decay rates of radiative and nonradiative pathways of
fluorophores, reducing the self-quenching of fluorophores due to large area, and
enhancing the evanescent field caused by the rough surface [62, 63, 65]. However, further
studies are required to validate these mechanisms.
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Figure 1.9 (a) Fluorescence image from the covalent linking method, (b) Fluorescence
image from the non-covalent linking method, (c) The quantitative analysis of the line in
(a), (d) The quantitative analysis of the line in (b) [64].
1.5

Dissertation Objective and Organization

This dissertation discovered a new fluorescence enhancement technical platform
based on nanostructured aluminum oxide (NAO). In order to evaluate the performance of
this platform, detections of organic dyes and dye-conjugated proteins have been
performed. Image analysis and spectra comparing are used to quantify the fluorescence
enhancement.
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Chapter 1 introduced fluorescence technology and its key characteristics. In order
to understand the fluorescence enhancement mechanism, the molecular detection
efficiency related parameters (excitation rate, quantum efficiency and molecular
collection efficiency) were discussed. And then different nanomaterial facilitated
fluorescence enhancing methods and their mechanisms were provided to give an
overview of fluorescence enhancing schemes.
Chapter 2 will introduce a rapid and cost-effective process which is developed to
fabricate the micropattemed NAO. By employing this process, a large-scale arrayed
fluorescence sensing platform can be easily made for high throughput applications. An
optical characterization technology utilizing UV light irradiance will be covered as a tool
to determine the level of micropattemed NAO formation.
Chapter 3 will reveal the discovery of the fluorescence enhancement of the NAO.
Different fluorescence dyes will be coated on the NAO surface. Image analysis and
spectrum comparisons will be used to quantify the fluorescence enhancement factor on
the NAO substrate compared to a glass substrate.
Chapter 4 will demonstrate the fluorescence enhancement on the micropattemed
NAO. This platform will also be used to examine the detection limit of protein BSA,
which is conjugated with FITC. The self-quenching effect of fluorescent dyes in high
concentration on the platform and the stability of this platform will be explored. The UV
characterization method will be employed to demonstrate its application in the prediction
of the defect position for fluorescence enhancement.
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Chapter 5 will explore the fluorescence mechanism of the NAO. The fluorescence
enhancement source will be validated, and the surface area effect and gap effect will also
be examined and discussed.
Chapter

6

will build the fluorescence sensing platform with microfluidic chips.

Protein A and IgG binding will be used as a simple immunoassay model to test this
platform.
Chapter 7 will give the conclusion of this dissertation, and the future work will be
recommended.

CHAPTER 2

FABRICATION OF NANOSTRUCTURED ALUMINUM OXIDE

2.1

Overview

The nanostructured aluminum oxide (NAO), also termed anodic aluminum oxide
(AAO) nanopores, is an alumina film with a densely packed hexagonal array, nanoporous
structure. The formation is simply caused by a self-organizing property when Al foil is
used as an anode in an electrolytic cell. Depending on the application, the pore size can
vary from several to hundreds of nanometers, and it is controlled by experimental
conditions, such as applied anodic voltage, electrolyte type, electrolyte concentration, and
temperature. Due to the fairly easy and low cost fabrication process for a high-order
organization nanostructure, the NAO has been utilized for a variety of applications since
it was first discovered about two decades ago [66-69], For instance, NAO has been
extensively used as a template for nanofabrication. It has been used as a shadow mask to
deposit metallic nanoscale masks for fabricating nanopillars [70]. It has also been used as
a template for fabricating a variety of nanotubes or hybrid nanomaterials by
electroplating different materials into its nanopores [71, 72]. In addition, a category of
label free biosensor based on the NAO nanostructures has been developed for monitoring
biomolecular binding and cancer biomarker detection [73, 74].

20

21

The NAO is usually fabricated by a two-step anodization process from a high
purity (99.997%) aluminum (Al) foil [75-77]. However, this process is not compatible
with a standard lithography-based micro or nanofabrication process, which hinders
building large-scale NAO array based biosensors for high throughput applications. To
overcome this problem, our group developed a cost-effective process by combining a lift
off and one-step anodization process [78].
In this chapter, the process of this fabrication method will be introduced. NAO
arrays with a variety of shapes are routinely fabricated with pattern size from as small as
several micrometers to several hundred micrometers. An optical characterization
technology, by introducing UV light irradiance, will also be covered as a tool to
determine the level of micropattemed NAO array formation.

2.2

NAO Fabrication

The process employs a lift-off and a one-step anodization process to fabricate the
NAO array. Indium tin oxide (ITO) glasses (Nanocs, Inc.) are used as the substrate to
which the NAO thin film is fabricated. The measured sheet resistance of the ITO glass is
100 Q/sq and the roughness is less than 5 nm. Oxalic acid is used as the electrolyte
solution for the anodization.
The fabrication process flow is illustrated in Figure 2.1 [78]. Briefly, an ITO glass
is first cleaned, sequentially using the following solutions in a sonicator: deionized (DI)
water, acetone, ethanol, and then DI water. The ITO glass substrate immerses for 20
minutes in each solution and is then rinsed by DI water and dried by nitrogen gun
between each step. Then the Al pattern is formed by a lift-off process. Specifically, a
sacrificial layer of LOR 7b (Microchem, Inc.) is spun on the ITO glass substrate. A
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photoresist layer of Shipley PR 1813 is followed to cover the LOR7b layer. Using optical
lithography, a mold for the Al patterns is formed in the photoresist. Then, electron-beam
evaporation is performed to deposit a 2.2 pm Al layer on the substrate with a 10 nm
Titanium (Ti) layer as the adhesion layer. At the end, the photoresist on the ITO glass
substrate is removed using Positive Radiation Resist Edge Bead Remover (EBR PG)
solution. As a result of the lift-off process, a layer of Al patterns is formed, and these Al
patterns are connected to a big Al pattern, as shown in Figure 2.1(b). One step
anodization is then carried out to form the NAO. The anodization is performed in 0.3 M
oxalic acid (H2 C2 O4 ) at a voltage of 50V and a temperature of 2°C for 40-50 minutes
through the copper clips, as shown in Figure 2.1(c). After completing the anodization, the
NAO array is formed and all of the samples are rinsed rigorously using Di water to
remove the acid.

(a). ITO on glass

(b). Using lift-off process
to fabricate Al patterns

Copper
clip I

(c). One-step anodization process

(d). NAO formation

Figure 2.1 Fabrication process flow of 2 * 2 arrayed NAO nanostructure patterns, (a).
Start from ITO glass substrate; (b) 2 x 2 Al patterns connected with each other with Al
line using a lift-off process; (c) one-step anodization is performed; (4) arrayed NAO
pattern is formed on the ITO glass substrate by selectively removing the connecting lines
[78].
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Some fabricated NAO samples with bulk patterns on ITO glass substrate are
shown in Figure 2.2. The wafer-scale NAO sample is given in Figure 2.2(a), and
lithographically patterned 2 x 2 NAO sample is given in Figure 2.2(b). The size length of
the square pattern is

6

mm. Both of them are optically transparent. Scanning electron

microscopy (SEM) images of the NAO layer are shown in Figure 2.2(c). As we can see,
the nanopores with a size of -10 nm are formed in the Al thin film, while the Al thin film
consists of Al grains, typical size is in the range of 50 nm to 400 nm. The measured
roughness of the film is -50-80 nm by using the atomic force microscope (AFM), shown
in Figure 2.2(d). Compared to NAO fabricated from an Al foil thin film using one-step or
two-step anodization process, the distinct difference is that the topology of the surface of
the NAO nanostructure layer. For the latter case, the Al thin film is quite smooth without
any nanoscale Al grains.
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Figure 2.2 (a-b) Photos of wafer-scale and 2 x 2 patterned NAO thin films on ITO glass
after one step anodization; (c) SEM image of the NAO nanostructures; (d) AFM image of
NAO nanostructures.
After successfully fabricating bulk pattern NAO samples, the pattern was scaled
down to fabricate a micropattemed NAO array. Figure 2.3 shows some of the fabricated
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micropattemed NAO arrays. Optical and SEM images of several different shapes of the
micropattemed NAO arrays are shown in panels (a-c) of Figure 2.3. As seen clearly from
Figure 2.3(d), the nanopores are formed and distributed among the nanoscale grains
inside the NAO micropattems, which is the same as for the bulk ones shown in Figure
2.2(c), indicating that the micropattemed NAO array is fabricated successfully.
According to our experiments, a variety of shapes for the micropattemed NAO array can
be routinely fabricated from as small as several micrometers to several hundred
micrometers with high yield by using this newly developed process, paving a way for
developing a NAO microarray which can be readily integrated with microdevices or
microfluidic devices for a variety of NAO facilitated biological and biomedical
detections.

Figure 2.3 (a-c) Representative bright field and SEM images of the fabricated
micropattemed NAO arrays with different shapes and sizes; (d-1) SEM images of a
circular NAO micropattem; (d-2 and d-3) SEM images of the close-up of the NAO,
showing nanoscale aluminum oxide grains with nanopores distributed among them.
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2.3

Optical Characterization of NAO Microarray Using UV Light

In the process of NAO fabrication, we need to control the anodization time to
prevent the breakdown of the NAO film due to over-reaction. The typical determination
technique of the NAO formation is based on the current change during the anodization
process. While this method is quite dependable for NAO formation in bulk Al sheet, our
experiments found it is not always viable for NAO formation in Al micropattems due to
the nonuniformity of anodization current during the anodization process. Some Al
micropattems might not be anodized at all. An alternative method has to be found to
determine the formation of micropattemed NAO.
A bulk Al film, which is partially anodized to NAO, is prepared by carrying out
one-step anodization on part of the Al thin film deposited on an ITO glass substrate. As
shown in Figure 2.4(a), between the Al and NAO, there is an Al-NAO transition region in
this sample. The bright field image of Figure 2.4(b) clearly shows the difference between
the Al and NAO regions. The Al region is opaque, while the NAO region is optically
transparent. There is also an Al-NAO transition region in the middle which can’t be
distinguished by bright field imaging. By illuminating this sample with UV light, three
regions are clearly distinguishable in Figure 2.4(c). The Al region appears dark and the
NAO, Al-NAO transition regions appear blue. This UV characterization is achieved by an
Olympus 1X51 inverted microscope. The UV source is obtained from a mercury lamp
through an optical filter: 330-385 nm. The UV light perpendicularly illuminates the
sample, and the scattering light from the sample is collected by an Olympus DP71
camera.
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Figure 2.4 (a) Photo of partially anodized sample; (b) bright field image; (c)
corresponding image under UV irradiation.
According to the observation of bulk NAO under UV irradiation, four microlinepattem samples are prepared, Al and three different anodization time NAO samples, 25minutes, 35-minutes and 45-minutes at which time the fabrication process is complete.
Figure 2.5 shows where the three anodized samples are obtained in the anodization
current profile. The SEM images, optical images, images under UV irradiation and
corresponding intensity plots of these four samples are given in Figure 2.6. The SEM
images show the nanopore growth process during the anodization. As can be seen in
Figure 2.6(a), their surfaces look very different. For the Al thin film deposited on the
glass substrate using an E-beam evaporation process, it contains many nanoscale Al
grains with quite smooth surfaces. With the 25-minute anodization sample, the surfaces
of the nanoscale grains become rougher with very few nanopores, indicating that partial
anodization on the Al surface has occurred. After a 3 5-minute anodization, more
nanopores have been formed in the surface, suggesting more NAO has been formed. The
45-minute anodization sample shows a similar surface appearance as the 35-minutes one,
indicating that the pore formation is almost finished and is in the process of growing
deeper after 35-minute anodization. The amount of NAO formation in the Al thin film is
highly related to the density of the oxygen vacancies formed [79, 80]. Basically, the more
NAO formation, the larger the density of the oxygen vacancies, and thus the higher the
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blue emission from the sample under UV irradiance, as observed in Figure 2.6(d). For Al,
no blue emission is observed.
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Figure 2.5 Representative anodization current profile during the anodization process for
Al to form NAO.
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Figure 2.6 SEM images (a), bright field images (b), images under UV irradiation (c), and
corresponding blue light intensity plots (d) for Al, 25-minute, 35-minute, and 45-minute
anodized Al samples from left to right.
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When all Al has been totally anodized, the blue light emission will eventually
become saturated. According to this observation, an alternative way to determine the
formation of NAO is found. By simply illuminating the anodized sample with UV light,
we can quickly and nondestructively determine if the NAO has been formed from Al and
the level of NAO formation. This technique is particularly useful for the determination of
NAO formed in the Al micropattems.

2.4

Summary

A rapid and cost-effective process is developed to fabricate micropattemed NAO.
By employing this process, a large-scale arrayed sensing platform can be easily made for
high throughput applications. An optical characterization technology, by introducing UV
light irradiance, has also been found as an alternative way to quickly and
nondestructively determine if the NAO has been formed from the Al as well as the level
of NAO formation, which is particularly useful for the determination of NAO formed in
the Al micropattems.

CHAPTER 3

DISCOVERY OF FLUORESCENCE ENHANCEMENT ON
NANOSTRUCTURED ALUMINUM OXIDE (NAO)
3.1

Overview

The discovery of fluorescence enhancement of nanostructured aluminum oxide
(NAO) begins with the coating of different fluorescent dyes on the NAO substrates. In
the same time, the same amount of fluorescent dyes have also been coated on the indium
tin oxide (ITO) glass substrates. Using a traditional inverted fluorescence microscope
(Olympus IX 51), the fluorescence images of NAO and ITO glass substrates can be easily
obtained. The color brightness in the image represents the intensity of light emitted from
the fluorescent dyes. By quickly comparing the color brightness of the images, we
discover the fluorescence signal is much stronger on the NAO substrate than on the ITO
glass substrate, indicating the fluorescence has been enhanced tremendously on the NAO
substrates. The measurements are taken after the fluorescent dyes are dried. In order to
quantitatively analyze the fluorescence enhancement factor on the NAO substrate, two
methods are used. The first method is the fluorescence image analysis. By directly using
imaging software to analyze the fluorescence images, the fluorescence intensity can be
calculated and compared. The other method is through the experimental method. By
measuring and comparing the spectra from the NAO and ITO glass substrates, the
fluorescence intensity can also be compared. This method is more usually used in most
29
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research to determine the fluorescence enhancement factor. Both methods show the NAO
substrate enhances the fluorescence dramatically.
In this chapter, we will show the discovery of the fluorescence enhancement on
the NAO substrate, present the measurement results of enhanced fluorescence, and
describe in detail the analysis process for fluorescence enhancement.

3.2

Experiment Procedure

3.2.1 Materials
The NAO and ITO glass substrate are uniformly coated with fluorescent dyes.
Four different fluorescent dyes are used here for technical demonstrations: rhodamine 6 G
(R6 G) (Lightning Powder, Inc.), fluorescein sodium salt (FSS) (Sigma, Inc.), Calceim
AM (Sigma, Inc.), and fluorescent brightening agents (FBA) (Sigma, Inc.).
3.2.2Fluorescence Image
Solutions of these fluorescent dyes are uniformly coated on the NAO and glass
substrates. The unbound dyes are washed away by gently rising with DI water. The
fluorescence images are obtained after these coatings dry. All the fluorescence images are
taken by an inverted florescencemicroscope

(Olympus1X51)

which usesa mercury arc

lamp as the light source. The following filter sets areequipped in this microscope: DAPI
(excitation filter: 330 nm - 385 nm; barrier filter: 420 nm - 460 nm); FITC (excitation
filter: 475 nm - 490 nm; barrier filter: 500 nm - 540 nm); and TRITC (excitation filter:
545 nm - 565 nm; barrier filter: 580 nm - 620 nm). Specifically, For FBA, the DAPI filter
set is used for the fluorescence measurement. The excitation light spectrum is from 330
nm to 385 nm. For FSS and FITC-BSA, the FITC filter set is used and the excitation light

31

spectrum is from 475 nm to 490 nm. For R 6 G, the TRITC filter set is used and the
excitation light spectrum is from 545 nm to 565 nm.
3.2.3

Fluorescence Image Analysis
Fluorescence image analysis is one of methods used to quantitatively analyze the

fluorescence enhancement. By using imaging software, the light intensity emitted by the
fluorescence dyes can be directly obtained from the fluorescence image. Then the
fluorescence enhancing factor can be calculated by comparing the fluorescence intensities
on NAO and glass.
MatLab [81] has been a popular tool in the engineering field for the ease of both
programing and data manipulating. It also has many built-in functions for fast employing.
Graphic user interface (GUI) building with the program can replace the complex typing
of commands by the simple clicking of the mouse. A self-writing program with only the
functions needed and the GUI interface is a highly efficient and low cost way for analysis
of mass data from experiments. Hence, a MatLab program with GUI has been written to
analyze the fluorescence images. Basically, the program reads the file of the fluorescence
image and converts it to a gray scale image from the color image. A horizontal cutline can
be drawn through the fluorescence image and the corresponding intensity is obtained.
Then the intensity curve can be plotted. Specifically, it involves the following steps. Step
1 reads the fluorescence image by employing the Imaging Processing Toolbox in MatLab.
The fluorescence image can be in any dimension. For example, the dimension can be a
680 x 512 pixel RGB color image, a 1360 x 1024 pixel RGB color image, or a 2040 x
1536 pixel RGB color image. Here we use a 680 x 512 pixel fluorescence image to show
how this program works. After reading the file of this fluorescence image, the program

stores it as a 512 x 680 x

3

matrix. Step 2 transforms the RGB color image to the

grayscale image using a built-in command in MatLab. The command uses the formula:
0.2989 x R + 0.5870 x G + 0.1140 x B. MatLab stores the grayscale image as a 512 x
680 matrix. Each element in this matrix is the intensity value for the corresponding pixel
in the image. Step 3 acquires the intensity distribution for one row in the image data
matrix. Then, draw a horizontal line in the image. Find the corresponding row to this
horizontal line in the image data matrix. Then, the intensity distribution of pixels for that
line is obtained by plotting all the data in that row. The GUI interface of this program is
shown in Figure 3.1. This demonstration uses a fluorescence image of a patterned NAO
substrate with R 6 G coated on the surface. The main functions of the buttons in this
program include: “load” which loads the images, and “Intensity plot” which draws the
intensity curve corresponding to a horizontal cutline in the image. Other functions
include calculating the average light intensity of the whole image, a part of image, or a
cutline; and subtracting background noise of a cutline for the intensity plot curve. By
using this program, a fluorescence image can be analyzed in detail. To obtain accurate
results, the fluorescence images of bare ITO glass and bare NAO substrates before
attaching the fluorescence dye have been measured and used as reference. All results
have been corrected by subtracting the fluorescence images of the bare ITO glass and
bare NAO substrates.
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Figure 3.1 MatLab program with GUI
3.2.4

Fluorescence Spectrum
The fluorescence spectrum measurement provides another way to quantitatively

analyze the fluorescence enhancement of the substrates. This is an experimental approach
directly comparing the fluorescence spectra from the substrates. It is usually used by most
researchers for analyzing the fluorescence enhancement [82, 83]. To do this spectrum
measurement, a simple setup has been built in our lab. The idea for this setup comes from
the filter used for epifluorescence microscopy. Figure 3.2 shows the geometry of the filter
for epifluorescence microscopy. Basically, the light source provides the light to excite the
fluorescence molecules on the substrate. The light passes through the excitation filter.
The excitation filter is designed to pass just a part of the wavelength of the light. The
passing light is then reflected from the dichroic beamsplitter. The dichroic beamsplitter is
a thin-film mirror which can pass a certain wavelength of light while reflecting other
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wavelengths of light. The reflected light excites the sample and the sample emits another
wavelength of light which is different from the excitation light. The emitted light goes
through the dichroic beamsplitter and passes the emission filter. The emission filter is
designed to only pass the wavelength of light coming from the samples. Finally, the
emitted light is detected by a CCD camera and displayed as an image. This is how
epifluorescence microscopy works.

CCD Camera

Excitation
Filter

Light
Source

Emission
Filter
Dichroic
Beamsplitter

Figure 3.2 Filter geometry used for epifluorescence microscopy [15]
By simply employing this scheme from epifluorescence micoroscopy and
replacing the CCD Camera with a spectrometer, the fluorescence spectrum from
substrates can be detected. The setup is shown in Figure 3.3. The light source is on the
left. It is a halogen light (OSL1, Thorlabs, Inc.). The small box in the back is the
spectrometer. The spectrometer is a USB4000-VIS-NIR (Ocean Optics, Inc), which can
measure the spectrum from 350 nm to 1050 nm. The black cube in the middle is the filter
cube, with all filters located inside and is configured as in epifluorescence microscopy.
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The excitation filter is a bandpass filter (MF475-35, Thorlabs, Inc.) with a center
wavelength at 475 nm and bandwidth 35 nm. The emission filter used here is a longpass
filter (FEL0500, Thorlabs, Inc.) with a cut-on wavelength of 500 nm. A dichroic filter
(MD499, Thorlabs, Inc.) is used as the dichroic beamsplitter, which has a reflection band
at 470 nm - 490 nm and a transmission band at 508 nm - 675 nm. The transmission rates
of different wavelengths of light in these filters are shown in Figure 3.4. Specifically, the
blue curve, red and the green curve represent the spectra of the excitation filter, the
dichroic filter and the emission filter. This system will pass an excitation light with
wavelength between 457 nm - 493 nm and detect the emission light with wavelengths
bigger than 500 nm. By connecting the optical fiber from the light source to the filter
cube, the light goes to the excitation filter window. By connecting another optical fiber
from the filter cube to the spectrometer, the fluorescence signal can be detected from the
emission filter window. The spectrometer is connected to a computer in order to record
data and display the spectrum curve. This simple setup will be the system used to
measure the fluorescence spectrum in the following experiments.

Spectrometer

Filter cube
Sample

Figure 3.3 Fluorescence spectrum detection setup
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Figure 3.4 Transmission rates of filters
3.2.5

Fluorescence Spectrum Analysis
The software designed for the spectrometer can record the spectrum data and

display it on the computer screen, as shown in Figure 3.5. Figure 3.5 is a screenshot of
the software display of the spectrum curves for the different experiments. However, the
software lacks the ability to further analyze the data. Therefore, manual data analysis or
computer-aided data analysis software needs to be used. When there is repeated mass
data for analysis, the computer-aided software becomes the first choice for efficiency.
Based on the ease of both programing and data manipulating, MatLab is used again to
write a program with GUI for fluorescence spectrum data analysis. The program GUI is
shown in Figure 3.6. According to the analysis needs, the program includes the following
main functions: reading spectrum data, smoothing data curve, displaying a selected
wavelength range spectrum, noise subtracting, standardizing data and auto-finding and
comparing spectral peaks. All the spectrum data obtained through the whole series of
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experiments are analyzed by this program. To obtain accurate results, the spectra of all
bare ITO glass and bare NAO substrates, before attaching the fluorescence dye or other
biological molecules, are first measured and used as reference. Then, the fluorescence
spectra of the substrates are measured after the substrates have been attached by the
fluorescence dye or other biological molecules. Finally, the reference is subtracted from
the fluorescence spectrum to obtain the final results.

rar*"
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Figure 3.5 Screenshot of the software designed for the spectrometer
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3.3

Results and Discussions

Systematic experiments have been carried out on a series of substrates coated with
different types of fluorescent dyes. The results show a consistent fluorescence
enhancement on NAO substrates. Both image analysis and spectra comparisons have
been done to quantify the fluorescence enhancement.
3.3.1

Discovery of Fluorescence Enhancement on NAO Substrate
Figure 3.7 shows the discovery of the fluorescence enhancement of the NAO

substrate. The bright field images and corresponding fluorescence images are shown in
Figure 3.7(a) and (b), respectively. Four substrates are prepared. Each substrate contains
partial NAO and partial ITO glass. In Figure 3.7(a), the dark part is the NAO and the
bright part is the ITO glass. Three different fluorescence dyes are uniformly coated on
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these substrates. The fluorescence dyes used are FBA (fluorescent brightening agents, a
blue fluorescence dye), FSS (Fluorescein sodium salt, a green fluorescence dye) and R 6 G
(Rhodamine 6 G, a red fluorescence dye). By examining the fluorescence images of these
four samples, we found that no matter which fluorescence dye is used, the NAO part
always shows a greater fluorescence signal compared to the ITO glass part. Specifically,
the NAO part displays a different color image depending on the fluorescence dye used,
while the ITO glass part always shows a black color. This indicates the great fluorescence
enhancement on the NAO substrate.

(a)

(b)
|

^

H

Figure 3.7 (a) Bright field images of four partial ITO glass and partial NAO substrates;
(b) corresponding fluorescence images of three different fluorescence dyes: FBA, R 6 G
and FSS on ITO glass and NAO substrates in (a).
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3.3.2

Fluorescence Image Analysis
In order to quantitatively analyze the fluorescence enhancement on the NAO

substrate, the fluorescence image analysis method is used. For the purpose of obtaining
accurate results, the fluorescence images of sample substrates before attaching
fluorescence dyes are measured. The images are then analyzed and the fluorescence
intensity data of bare sample substrates are recorded as references. All the intensity
curves plotted here have been corrected by the fluorescence images of bare sample
substrates.
In Figure 3.8, the R 6 G fluorescence image on a partial NAO and partial ITO glass
substrate is analyzed. The image (Figure 3.8, left) is obtained by using the TRITC filter
set. The blue color line shows the location of the cutline. The corresponding fluorescence
intensity curve of the cutline is plotted in Figure 3.8, right. In this case, the enhancement
factor is -45 *.

Pixel number

200

300

<00

Pixel number

Figure 3.8 Fluorescence image of R6 G and the corresponding image intensity curve
along the cutline.
In Figure 3.9, the FSS fluorescence image on a partial NAO and partial ITO glass
substrate is analyzed. The image (Figure 3.9, left) is obtained by using the FITC filter set.
The blue color line shows the location of the cutline. The corresponding fluorescence
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intensity curve of the cutline is plotted in Figure 3.9, right. In this case, the enhancement
factor is - 1 0 0 x.

Pixel number

Pixel number

Figure 3.9 Fluorescence image of FSS and the corresponding image intensity curve along
the cutline.
For both cases in Figure 3.8 and Figure 3.9, the bulk pattern of NAO is fabricated
on the ITO glass substrate. In this way, it is very convenient to compare the fluorescence
images on the NAO and ITO glass substrates side-by-side. But, the scattering of the
fluorescence light from NAO could introduce some light to the ITO glass, thus enhancing
its background image intensity and noise. To address this issue, an ITO glass substrate
and a non-pattemed NAO substrate are prepared and coated with the same amount of
FSS, respectively. The images are obtained using the FITC filter set, as shown in Figure
3.10. It reveals that the fluorescence enhancement is similar to those in Figure 3.8 and
Figure 3.9, which is -75 x to 95 x compared to the ITO glass substrate.
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Figure 3.10 Top-left: Fluorescence image of FSS on NAO substrate, showing the cutline
for obtaining the image intensity; top-right: the corresponding image intensity along the
cutline; bottom-left: fluorescence image of FSS on ITO glass substrate (no discemable
fluorescence signal), showing the cutline for obtaining the image intensity; bottom-right:
the corresponding image intensity along the cutline.
3.3.3

Fluorescence Spectrum Analysis
In order to obtain a precise quantitative analysis on fluorescence enhancement of

the NAO substrate compared to a glass substrate, the fluorescence spectrum comparison
is utilized. For the purpose of obtaining accurate results, the scattering spectra of NAO
and ITO glass substrates before attaching fluorescence dyes are measured. The spectra
are then stored as references. All the fluorescence spectra plotted here have been
corrected by the scattering spectra of bare NAO and ITO glass substrates. Two
fluorescence dyes, FSS and R 6 G, are used to coat the NAO substrate and ITO glass
substrate of the same size. The top of Figure 3.11 shows fluorescence spectra of FSS on
the NAO substrate and the ITO glass substrate. By examining the figure, the fluorescence
spectrum from the NAO substrate is a curve with a peak at around 520 nm (which is the
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wavelength of the emission peak of FSS), while the fluorescence spectrum from the ITO
glass is a flat line with no obvious peak. This indicates the fluorescence signal has been
enhanced tremendously on the NAO substrate compared to the ITO glass substrate. The
bottom of Figure 3.11 shows the zoom-in curve of the fluorescence spectrum from the
ITO glass also with a peak at around 520 nm. By comparing the peaks of the spectra from
the NAO and the ITO substrates, the fluorescence enhancement factor for FSS on NAO
substrate is 792 times. Using the same method, the fluorescence spectra of R6 G on the
NAO and the ITO glass substrates are shown in Figure 3.12. The top of Figure 3.12
shows a direct comparison between these two spectra and the bottom of Figure 3.12
shows the zoom-in spectrum of R6 G on ITO glass. In this case, the peak is at around 560
nm (which is the wavelength of the emission peak of R6 G) and the fluorescence
enhancement factor for R 6 G on the NAO substrate is 143 times.
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Figure 3.11 Top: Fluorescence spectra of FSS on NAO substrate and ITO glass substrate
corrected by subtracting the optical scattering spectra of bare NAO substrate and ITO
glass substrate; Bottom: fluorescence spectra of FSS on ITO glass substrate corrected by
subtracting the optical scattering spectra of bare ITO glass substrate.
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Figure 3.12 Top: fluorescence spectra of R6 G on NAO substrate and ITO glass substrate
corrected by subtracting the optical scattering spectra of bare NAO substrate and ITO
glass substrate; bottom: fluorescence spectra of R 6 G on ITO glass substrate corrected by
subtracting the optical scattering spectra of bare ITO glass substrate.
3.3.4

ITO Glass vs. Common Glass
An ITO glass is a glass with a thin film of Indium tin oxide. This thin film gives

electrical conductivity to glass while it maintains the transparency o f the glass at the same
time. However, the fluorescence quenching effect may happen on the ITO glass because
of the electrical conductivity of the ITO thin film. This could cause the fluorescence
signal on the ITO glass to be weaker than on a common glass without ITO. In most
fluorescence applications, a glass slide without ITO is used as the substrate. If the
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fluorescence signal is weaker on an ITO glass than on a common glass, the fluorescence
enhancement factor of the NAO substrate would decrease. To verify if the fluorescence
signal has any difference on an ITO glass and a common glass, the fluorescence signals
on both substrates have been measured and analyzed. Figure 3.13 shows the fluorescence
spectra of FSS on the ITO glass and the common glass. As shown, the two spectra are
overlapped. Figure 3.14 gives fluorescence images and the fluorescence intensity curves
of the cutlines on these two substrates. The fluorescence signals are very weak as the
fluorescence images show black, and they are almost identical on the ITO glass and the
common glass, as shown by the intensity curves. The spectrum comparing and image
analysis suggest the fluorescence signal on ITO glass neither increases nor decreases
compared to a common glass. That indicates the performance of fluorescence detection
on an ITO glass is the same as for a common glass, and the enhancement factor for the
NAO substrate compared to an ITO glass substrate is valid to any common glass.

ITO Glass FSS Corrected
Glass FSS Corrected
50

550

600

700

Wavelength (nm)
Figure 3.13 Fluorescence spectra of FSS on an ITO glass substrate (blue) and a common
glass substrate (green) corrected by subtracting the optical scattering spectra of the bare
ITO substrate and normal glass substrate.
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Figure 3.14 Top-left: fluorescence image of FSS on an ITO glass substrate, showing the
cutline for obtaining the image intensity; top-right: the corresponding image intensity
along the cutline; bottom-left: fluorescence image of FSS on a normal glass substrate,
showing the cutline for obtaining the image intensity; bottom-right: the corresponding
image intensity along the cutline.
3.3.5

Discussion of the Results
Both the fluorescence image analysis and the fluorescence spectrum comparison

quantitatively show the great fluorescence enhancement on the NAO substrate compared
to a glass. The fluorescence enhancement factor can be as high as several hundred times,
according to the spectrum analysis. The spectrum analysis gives the FSS enhancement
factor (792 x) which is almost eight times that of the one (100 x) from the image
analysis. It also gives the R6 G enhancement factor (143 x) which is almost two times that
of the one (80 x) from the image analysis. The reason for this difference is due to
different light measuring approaches. The CCD camera detects all wavelengths of light
and stores their intensities together, while the spectrometer detects and records the
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intensity of each wavelength of light. Specifically, for fluorescence image analysis, an
image needs to be taken first. To take a fluorescence image, a CCD camera is employed.
Each sensing component of the CCD camera detects photons of all wavelengths of the
emission light and converts them to electron charges. The electron charges are then
converted to the pixel image. So the whole image is comprised of these numerous pixels
corresponding to the sensing components on the camera. In this way, each pixel of the
image contains the whole spectrum of the emission light. By comparing each pixel’s
intensity, we are comparing the whole spectrum of that emission light. While the result of
the image analysis is an average enhancement factor in the whole spectrum, the spectrum
analysis is a single wavelength comparison. In this case, the spectrum analysis compares
the peak of the emission light, and this is more typically used by most researchers for
analyzing the fluorescence enhancement. The fluorescence image analysis might not
provide an accurate quantitative analysis as dose the spectrum analysis, but it provides a
rapid and simple way for the determination of the enhancement factor with a certain level
of accuracy.

3.4

Summary

In this chapter, a new fluorescence enhancement platform, based on the NAO
substrate, is reported. Initial experiments find a great fluorescence enhancement for the
NAO substrate. The image analysis and spectrum comparing methods have been utilized
to quantify the fluorescence enhancement factor on the NAO substrate. The results show
that the fluorescence signal can be enhanced up to several hundred times (close to three
orders of magnitude) on the NAO substrate compared to a glass substrate.

CHAPTER 4

FLUORESCENCE ENHANCEMENT ON
MICROPATTERNED NAO
4.1

Overview

In the last chapter, we discovered the fluorescence signal can be tremendously
enhanced on the NAO substrate as compared to a glass substrate. All the NAO substrates
used for the experiments are bulk NAO substrates, which are fabricated from ITO glasses
either with A1 deposited on the whole surface or with an A1 pattern size bigger than 5
millimeters. In order to be integrated with microdevices or microfluidic devices for
fluorescence-based biosensing applications, the size of the NAO is required to be in the
micro scale. Therefore, the fabrication of the micropattered NAO is necessary, and it is
also necessary to find out if the fluorescence enhancement of the NAO substrate will be
affected by the NAO pattern size. In this chapter, a variety of shapes of micropattemed
NAO will be used to determine the fluorescence enhancement on micropattemed NAO.

4.2

Experiment Procedure

The ITO glass substrates with micropattemed NAO are uniformly coated with
fluorescent dyes or fluorescence dye conjugated proteins. Three different fluorescent dyes
are used here for technical demonstrations: rhodamine

6

G (R 6 G) (Lightning Powder,

Inc.), fluorescein sodium salt (FSS) (Sigma, Inc.), and Calceim AM (Sigma, Inc.). The
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protein used here is the fluorescein isothiocyanate conjugated bovine serum albumin
(FITC-BSA) (Sigma, Inc.). The fluorescence image analysis is used to analyze the
fluorescence enhancement on micropattemed NAO substrates.
Solutions of these fluorescent dyes and fluorescent dye conjugated protein are
uniformly coated on the NAO and glass substrates. The unbound dyes and protein are
washed away by gently rinsing using DI water. Figure 4.1 show the schematic of the
fluorescence dyes or the biomolecules labeled with FITC (FITC-BSA) on the NAO
micropattems or glass. The fluorescence images are obtained after these molecules are
dried. All the fluorescence images are taken by an inverted florescence microscope
(Olympus IX 51) which uses a mercury arc lamp as the light source. The following filter
sets are equipped in this microscope: FITC (excitation filter: 475 nm - 490 nm; barrier
filter: 500 nm - 540 nm); and TRITC (excitation filter: 545 nm - 565 nm; barrier filter:
580 nm - 620 nm). Specifically, For FSS, FITC-BSA and Calcein AM, the FITC filter set
is used and the excitation light spectrum is from 475 nm to 490 nm. For R6 G, the TRITC
filter set is used and the excitation light spectrum is from 545 nm to 565 nm.

R >S or Calcein AM or R6G

NAO

Figure 4.1 Schematic showing the three different fluorescence dyes or biomolecules
labeled with FITC (e.g., FITC-BSA) on the NAO micropattems or glass.
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4.3
4.3.1

Results and Discussion

Fluorescence Enhancement on Micropattemed NAO
The bright field and the corresponding fluorescence images of three fluorescence

dyes FSS, R6 G, and Calceim AM and the protein BSA with FITC conjugated on the
micropattemed NAO substrates are given in Figure 4.2 and Figure 4.3. Calcein AM is a
fluorescence dye which is widely used in biology to monitor the viability of cells and for
short-term labeling of cells because of its ability to transport through the membrane of the
live cells [84-86]. FITC-BSA has been used for a variety of biological applications, such
as model drugs for achieving the visualization of the protein localization within the
microparticle [87]. Figure 4.2 shows the bright field and fluorescence images of FSS and
FITC-BSA and Figure 4.3 shows the bright field and fluorescence images of Calcein AM
and R6 G. As seen in these figures, the fluorescence signals of these dyes and FITC-BSA
have been enhanced tremendously if they attach directly on the micropattemed NAO as
compared to those attaching directly on the glass substrate. Specifically, by examining
bright field and fluorescence images, the fluorescence images shows the identical pattern
of the NAO, as shown on the bright field images, indicating that the micropattemed NAO
enhances the fluorescence signals. The glass shows no enhancement capability of the
fluorescence dyes or FITC-BSA. In this way, we confirm that the fluorescence signal can
be enhanced by micropattemed NAO as well as bulk NAO.

Figure 4.2 Top row: bright field and fluorescence images of FSS on micropattemed NAO
substrate; bottom row: bright field and fluorescence images of FITC-BSA on
micropattemed NAO substrate.

Figure 4.3 Top row: bright field and fluorescence images of Calcein AM on
micropattemed NAO substrate; bottom row: bright field and fluorescence images of R6 G
on micropattemed NAO substrate.
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4.3.2

Fluorescence Enhancement Analysis
In order to confirm that the fluorescence enhancing capability is not affected by

the size of the NAO pattern, the fluorescence image analysis method, as described in
Chapter 3, is used to quantify the enhancement factor.

Two micropattemed NAO

substrates are coated with the same amount of R6 G and FSS, and all the experimental
conditions are kept the same as for Figure 3.8 and Figure 3.9 in Chapter 3. The
fluorescence images and the corresponding cutline fluorescence intensity are shown in
Figure 4.4.
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Figure 4.4 Top-left: Fluorescence image of R 6 G on a micropattemed NAO substrate,
showing the cutline for obtaining the image intensity; top-right: the corresponding image
intensity along the cutline; bottom-left: fluorescence image of FSS on a micropattemed
NAO substrate, showing the cutline for obtaining the image intensity; bottom-right: the
corresponding image intensity along the cutline.
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In Figure 4.4, top left, the R6 G fluorescence image on a microline-pattemed NAO
substrate is analyzed. The image is obtained by using the TRITC filter set. The blue color
line shows the location of the cutline. The corresponding fluorescence intensity curve of
the cutline is plotted in Figure 4.4, top-right. In this case, the enhancement factor is -40 x
in average. This result is similar to the fluorescence enhancement factor which is - 45 *
in average for R 6 G in Figure 3.8, indicating that the fluorescence enhancement is not
affected by the size of the NAO pattern for R6 G.
In Figure 4.4, bottom left, the FSS fluorescence image on a microline-pattemed
NAO substrate is analyzed. The image is obtained by using the FITC filter set. The blue
color line shows the location of the cutline. The corresponding fluorescence intensity
curve of the cutline is plotted in Figure 4.4, bottom-right. In this case, the enhancement
factor is -95 x in average. This result is similar to the fluorescence enhancement factor
which is - 100 x in average for FSS in Figure 3.9, indicating the fluorescence
enhancement is not affected by the size of the NAO pattern for FSS.
This group of experiments reveals the fluorescence enhancement for R 6 G and
FSS is not affected by the size of the NAO pattern. By continuing to conduct experiments
for other fluorescence dyes, we also get similar results, indicating that the capability of
fluorescence enhancement on the NAO substrate will not be affected by the size of the
NAO pattern.
4.3.3

Detection Limit of BSA
After confirming that the fluorescence enhancement is not affected by the size of

the NAO pattern for fluorescence dyes, the fluorescence enhancement capability for the
fluorescence-based bioassays on this platform is further validated by using FITC-BSA as
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a model and by comparing the NAO substrate to the glass substrate. FITC-BSA with a
series of different concentrations is applied on the micropattemed NAO substrate. The
fluorescence images of two different concentrations (200 pg/mL and 10 pg/mL) are given
in Figure 4.5(a) and (b). As expected, the fluorescence intensity increases with the
concentration of the applied FITC-BSA. Using the fluorescence image analysis method,
as described in Chapter 3, the relative fluorescence intensities for both cases are plotted
along the outlines shown in the fluorescence images in column (a) and (b) of Figure 4.5.
The fluorescence noise signals from blank glass and NAO substrates has been subtracted
in the fluorescence intensity plots. Again, the fluorescence intensity profiles are identical
to the profiles of the NAO lines on the substrate. From Figure 4.5, the fluorescence
signals from the NAO patterns are estimated to be at least two orders of magnitude larger
than that from the glass substrate. The lowest detection limit is a more useful parameter
for the fluorescence-based bioassays. It is defined as the concentration at which the signal
intensity is three times larger than that of the noise from the background. By applying a
series of different concentrations of FITC-BSA on the NAO substrate, experiments show
that 0.1 pg/mL (-1.4 nM) of FITC-BSA can be readily detected by using a conventional
fluorescence microscope (Olympus 1X51).
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Figure 4.5 Representative bright field, fluorescence images and the relative fluorescence
intensity of FITC-BSA with different concentrations alone the cutline. (a) 200 pg/mL and
(b) 10 pg/mL. The width of the NAO lines is ~10 pm.
4.3.4

Fluorescence Dyes’ Self-quenching Effect on NAO
While increasing the concentration of fluorescent dyes on the NAO also increases

the fluorescence signals, the concentration of the fluorescent dyes cannot be too large. To
be specific, when the fluorescent dyes on the NAO are packed together too densely, the
fluorescence signal will be quenched due to the short-range interaction between them
[8 8 ]. Here, the fluorescence self-quenching effect has been demonstrated and analyzed on
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the micropattemed NAO substrates in order to explore the optimum fluorescence
enhancement conditions. The experiment applies a drop of the fluorescent dye Calcein
AM on the micropattemed NAO region of the substrate. The bright field image of Figure
4.6(a) clearly shows the drop image. The fluorescence image is taken when the Calcein
AM drop solution dries after a certain time of incubation. Figure 4.6(b) shows the
fluorescence image taken. Although the fluorescence signal is not very strong on the
micropattered NAO region, it is still observable compared to the glass. Intentionally,
another drop of Calcein AM with higher concentration is also deposited on the glass
region of the substrate, as shown in Figure 4.6(a), and it shows an observable
fluorescence signal in Figure 4.6(b). Thereafter, the DI water is used to gently remove the
extra Calcein AM molecules which are not tightly bound to the NAO and the glass
substrate. The bright field image of the same area is shown in Figure 4.7(a) without any
Calcein AM molecule trace. The new fluorescence image is taken using the same
configuration of the fluorescence microscope and is shown in Figure 4.7(b). By
examining the fluorescence image of Figure 4.7(b), the fluorescence signal on the NAO
micropattems is found to be significantly stronger than that on the glass substrate. In
contrast, the fluorescence signal of the Calcein AM drop with higher concentration
becomes essentially negligible. The experiment indicates that even though the
fluorescence dyes are coated on the NAO substrates, they still experience self-quenching
at high concentrations and have to be diluted for optimum fluorescence signals.
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(a)

(I))

Figure 4.6 Micropattemed NAO substrate coated with Calcein AM without ringing: (a)
bright field image of the substrate; (b) corresponding fluorescence image of the substrate.

0

(a)

>)

Figure 4.7 Micropattemed NAO substrate coated with Calcein AM with ringing: (a)
bright field image of the substrate; (b) corresponding fluorescence image of the substrate.
4.3.5

Stability of NAO Substrate
The stability of the NAO substrates for fluorescence enhancement has been

evaluated by two types of experiments. In the first experiment, two fluorescence images
of the same substrate in different time slots have been taken and compared. One is taken
immediately from the NAO substrate right after the fluorescent dye FSS is applied on the
surface. And the other one is taken after the substrate has been stored in a dark
environment for one month. Figure 4.8(a) shows the bright field and fluorescence images
of this substrate which is freshly coated with FSS. Figure 4.8(b) shows the bright field
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and fluorescence images of the same substrate which has been stored in a dark
environment for a month after being coated with FSS. By comparing the fluorescence
images o f Figure 4.8(a) and (b), we found the fluorescence signal of the substrate remains
almost the same. This indicates the great stability of the NAO substrate for not reacting
with fluorescence dyes over a long time period. In other words, it shows the NAO’s
chemical inertia to fluorescence dyes, which is important for applications that require a
long waiting time in order to detect the meaningful fluorescence signal change [89]. In
the second experiment, the same substrate is reused up to

10

times to check the stability

of the NAO substrate for fluorescence enhancement. The procedure is the same as for
checking the stability of Zn0 /Si0 2 core/shell nanorod for fluorescence enhancement by
another group [33]. In this experiment, 10 successive cycles of attaching fluorescent
dyes, detecting fluorescence signals and removing fluorescent dyes on the same substrate
have been performed. The fluorescence intensities of these 10 successive cycles are
shown in Figure 4.9. All the intensity values have been normalized to the one from the
fresh substrate when the fluorescence dye is applied for the first time. As show in Figure
4.8, the fluorescence intensity decreases to about 85% after 10 reuse cycles. This
indicates the good reusable stability of the NAO substrate for fluorescence enhancement,
which can help to reduce the fluorescence signal detection cost by reusing the substrate.
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Figure 4.8 Bright field image and the corresponding florescence images of the
micropattemed NAO substrate (a) freshly coated with FSS, (b) 1 month later. The width
of the NAO micro line is ~10pm.

8 0.6

0.2

Experimental cycles
Figure 4.9 Fluorescence signals measured during 10 cycles of reusing the same NAO
substrate.
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4.3.6

Identify Defect Position for Fluorescence Enhancement bv Using UV
During the experiments for fluorescence enhancement applications for the

micropattemed NAO, we found something interesting. Figure 4.10 shows the observation.
This is a microline-pattemed NAO sample coated with FITC dyes over the whole area.
Figure 4.10(a) is a bright field image, and Figure 4.10(c) is the corresponding
fluorescence image. By examining the fluorescence image, we found that the
fluorescence is enhanced at most NAO microlines which show up as being pretty bright,
but a few are not which show up as being pretty dark. By using the UV light irradiation
method described in Chapter 2, we found the area where the fluorescence is not enhanced
as being pretty dark compared to the area where the fluorescence is enhanced. As was
mentioned before, the partial anodization micropattemed A1 will have less blue light
emission than the total anodized micropattemed Al. This indicates the unfinished A1
anodization will affect the fluorescence enhancement. So, by using the UV
characterization method, we can not only quickly and non-destructively determine the
level of NAO formation, but also predict the defect position where the fluorescence
enhancement will be affected.

Bright

Dark

Bright

Dark

/V ''-*

Figure 4.10 (a) Bright field image; (b) image under UV irradiation of the same area; (c)
corresponding fluorescence image.
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4.4

Summary

In this chapter, the fluorescence enhancement is demonstrated on the
micropattemed NAO. Experiments show that the fluorescence enhancement factor is not
affected by the size of the NAO pattern. By using protein BSA conjugated with FITC, the
initial application of this platform for fluorescence-based bioassay reveals that a detection
limit of 0.1 pg/mL(~1.4 nM) for FITC-BSA can be readily detected by using a
conventional fluorescence microscope. The self-quenching effect of fluorescent dyes in
high concentration on the platform is also demonstrated to explore the optimum
fluorescence enhancement conditions. Two experiments are then performed to show the
stability of the NAO substrate for fluorescence enhancement. The UV characterization
method is also demonstrated for its application to the prediction of the defect position
where the fluorescence enhancement will be affected on micropattered NAO.

CHAPTER 5

FLUORESCENCE ENHANCEMENT MECHANISM OF NAO

5.1

Overview

In the previous chapters, the fluorescence enhancement effect of the NAO
substrate has been discovered. Experiments have found that the fluorescence
enhancement effect of the NAO substrate is not affected by the size of the NAO pattern,
indicating the possibility to integrate the NAO into microdevices or microfluidic devices
for fluorescence-based applications. Since there is no metals exist on the substrate, the
fluorescence enhancement mechanism is different from metal-enhanced fluorescence
(MEF) which is mainly due to the interactions of the exited fluorophores with the surface
plasmons of the metals. In order to determine the fluorescence enhancement mechanism
o f the NAO substrate, a series of experiments are performed and the results are discussed
in this chapter.

5.2

Validating NAO as Source for Fluorescence Enhancement

Before doing any further fluorescence enhancement exploration based on the
NAO material, the NAO needs to be validated first as the only source for fluorescence
enhancement. Two types of control experiments have been performed, as shown in Figure
5.1. In this group experiment, the fluorescent dye R 6 G is used. One control experiment is
to examine if the aluminum substrate before being anodized can enhance the fluorescence
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signal. Figure 5.1 (a) shows the bright field and corresponding fluorescence images of
aluminum patterns coated with R6 G. The other control experiment is to examine if the
substrate, after the NAO has been etched away, can enhance the fluorescence signal.
Figure 5.1 (b) shows the bright field and corresponding fluorescence images of the
substrate coated with R6 G after the NAO is etched away. As shown in both Figure 5.1 (a)
and (b), no fluorescence enhancement has been observed on the aluminum substrate and
the substrate on which the NAO has been etched away. In contrast, the fluorescence
signal of the same amount R6 G on the NAO micropattems in Figure 5.2 is significantly
enhanced.

(a)

(b)

Figure 5.1 (a) Bright field and corresponding fluorescence images of R6 G on the
micropattemed Al; (b) optical and corresponding fluorescence images of R6 G on the
substrate after the NAO micropattems are etched away (note the very weak fluorescence
signal on patterned regions in both samples).
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Figure 5.2 Bright field and corresponding fluorescence images of R6G on the NAO
micropattems.
The NAO is etched away by immersing the NAO substrate in the NAO etchant
(mixture solution of phosphoric acid (0.4 M) and chromic acid (0.2 M)) at 65 °C over
night [90]. The substrate is rinsed rigorously by DI water before being coated with R6G.
Figure 5.3 (a) shows the SEM image of the substrate after being immersed in the NAO
etchant. By a subsequent aluminum removing process in aluminum etchant for the same
substrate, the substrate shows exactly the same surface structures in Figure 5.3(b) as
before the aluminum removing process shown in Figure 5.3(a).

This indicates the

remaining nanoparticles under the NAO are either Ti or anodized Ti and they will not
enhance the fluorescence signal.

Figure 5.3 (a) SEM image of the substrate which has been immersed in NAO etchant; (b)
SEM image of the same substrate which has been immersed in A1 etchant after being
immersed in NAO etchant.
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By applying the same control experiments on other fluorescence dyes, the same
phenomena of the fluorescence signals and images have been observed as for the R6G
experiment. These results suggest that the fluorescence enhancement only comes from
the NAO material.

5.3

Surface Area Effect

After confirming the fluorescence enhancement source as the NAO material, we
start to explore the enhancement mechanism of the NAO. The surface area effect of the
NAO nanostructure on the fluorescence enhancement has been evaluated first.
The NAO substrate has a surface with millions of nanopores. Compared to a
normal glass substrate, the same size NAO substrate would provide more surface area
because o f the nanostructures on the surface. Figure 5.4 shows a sketch of a glass and
NAO substrate. The left side is the glass substrate. The glass surface is mostly just a
plane surface. In contrast, the NAO substrate is shown on the right side, in which there
are large amounts of the nanopores distributed everywhere on the surface. Because of
those nanopores, the NAO substrate has the area advantage, that is, more area on the
nanostructured surface than that on the same size surface without any nanostructure. In
this case, the nanopore structure on the NAO substrate would provide more possible
attaching area for fluorophores. If more fluorophores attach on the surface, the
fluorescence signal would become much stronger. And here we try to figure out if this is
one of the reasons for fluorescence enhancement on the NAO substrate.

Figure 5.4 Surface structure sketches of the glass and NAO substrates. Left side: glass
surface; right side: NAO surface.
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To find out if the fluorescence enhancement is caused by more fluorophores
attaching on the surface of the NAO substrate than on a normal glass, the surface area
effect of the NAO substrate on the fluorescence enhancement is evaluated. Four same
sized substrates are prepared, two glass substrates and two NAO substrates. In the
beginning of the experiment, the same amount of R6G is spin-coated on one NAO
substrate and one glass substrate. The same coating method is used to attach FSS on the
other NAO substrate and the other glass substrate. The fluorescence images and spectra
of these four substrates are taken after they are dried. Then the substrates are immersed in
four beakers with the same amount of DI water. The beakers are put in a sonicator in
order to utilize the sonication to effectively remove the attaching fluorescent molecules
on the substrates. The substrates are ultrasonically rinsed for several hours in order to
remove the fluorophores completely. To confirm the fluorophores have been completely
removed from the substrates, the fluorescence images and spectra of the four washed
substrates are measured. After confirming that the removal of the fluorophores is
successful, the spectra of the washing solutions are measured and analyzed to find out if
more fluorescent molecules attached on the NAO substrate than on the glass substrate.
Figures 5.5 and 5.6 show the fluorescence images of R6G and FSS on the NAO
substrate before and after the ultrasonic solution wash. For R6G, before the wash, the
image shows red color which corresponds to the R6G emission spectrum. But after wash,
the image is completely dark, indicating no R6G remains on the NAO substrate. For FSS,
before the wash, the image shows green color which corresponds to the FSS emission
spectrum. After washing, the image shows dark green, indicating very little amount of
FSS still remains on the NAO substrate. Figure 5.7 shows the measured spectra of R6G
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on the NAO substrate and the glass substrate before and after the wash, which confirms
that no R6G is left on the NAO substrate. In Figure 5.7, before the wash, the magnitude
of the R6G spectrum on NAO is two orders larger than that on the glass. But after the
wash, the two spectra of R6G on the NAO substrate and the glass substrate are
overlapped, which confirms the R6G has been removed completely. The spectra of the
washing solution are then measured. Figure 5.8 shows the measured fluorescence spectra
of the R6G and FSS solution washed from the NAO substrate and the glass substrate. The
spectrum intensities o f the R6G and FSS solution washed from the glass substrate are
actually higher than from the NAO substrate, indicating the amount of R6G and FSS
attached on the NAO substrate is lower than that on the glass substrate before the wash.
These results suggest that the more surface area on the NAO substrate does not increase
the chance of fluorophores to attach on the surface. In contrast, the amount of
fluorophores attached on the surface of the NAO substrate is lower than that on the glass
substrate. In other words, the fewer amount of fluorophores on the NAO surface shows
much stronger fluorescence signal than that on the glass substrate, which indicates the
fluorescence enhancement is due to the NAO’s intrinsic property. In other words, similar
to that of the ZnO and Sn02 nanostructrues [33, 63, 64, 91], the intrinsic properties of the
NAO nanostructure, such as the nanopore size, the distance among pores and the oxygendeficient defects in NAO, play critical roles in this enhancement.
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Figure 5.5 Fluorescence images of R6G on NAO substrate before and after ultrasonic
solution wash (note the completely dark image after the ultrasonic solution wash).

Figure 5.6 Fluorescence images of FSS on NAO substrate before and after ultrasonic
solution wash (note the dark green after the ultrasonic solution wash).
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Figure 5.7 Fluorescence spectra of R6G on a NAO substrate and a glass substrate before
and after ultrasonic solution wash.
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Figure 5.8 Fluorescence spectra of R6G solution ultrasonically washed from NAO
substrates and glass substrates with the same size.
5.4
The NAO

Distance Related Fluorescence Enhancement
fluorescence

enhancement is a

substrate-based

fluorescence

enhancement method. The distance between the fluorophore and the surface would play
an important role in the enhancement. Experiments have been carried out to examine how
the fluorescence enhancement is related to the distance between the fluorophore and the
NAO surface.
First, the fluorescence signals of FITC and FITC-BSA coated on the NAO
substrates has been measured. For the purpose of a valid comparison, the amount of FITC
on both samples should be the same. To this end, the ratio of the mass of FITC and the
mass of FITC-BSA should be about 1/20 to assure the amount of FITC is the same on
both samples. On the sample with FITC, the FITC fluorophore directly attaches to the
surface of the NAO substrate. On the other sample with FITC-BSA, because the FITC
fluorophore is bound to BSA of dimensions 14 nm x 4 nm * 4 nm [92], the majority of
the fluorophores on FITC-BSA does not directly attach, but is in a distance where is very
close to the surface of the NAO. Hence, the gap effect on the fluorescence signal between
the NAO surface and the fluorophore FITC can be evaluated. Experiments found that the
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fluorescence signals from these two samples, which are two identical NAO substrates,
show little difference. This result indicates that the fluorescence enhancement from the
NAO remains the same so far as the fluorophores are in the range of 14 nm.
Second, the fluorescence signals of fluorophores on NAO substrates with
different thickness of Au coating have been measured. Three different thicknesses of Au,
10 nm, 30 nm and 80 nm, are deposited on NAO substrates. The Au only covers half of
the sample. In this way, the fluorescence signals before and after Au coating can be
conveniently compared. The left side of Figure 5.9 shows the bright filed images of these
three samples. There is a clear interface in the middle of each sample. The left side of the
interface is the NAO without Au coating, and the right side of the interface, where it is a
little darker than the left side, is the NAO with Au coating. The same amount of FSS is
uniformly applied on these samples. The right side of Figure 5.9 shows the corresponding
fluorescence images and on the left side the bright field images. As shown in the left half
of the fluorescence images, the fluorescence signals on the NAO without Au coating
show the same strength on all three samples. In contrast, on the other side, the strength of
the fluorescence signal decreases as the Au thickness increases, indicating the
fluorescence enhancement is very sensitive to gap change. Another factor that needs to be
considered for the decrease of fluorescence enhancement is the fluorescence quenching
effect due to the fluorophore directly contacting with the Au metal. This is why that even
with such a thin film of only 10 nm Au (Figure 5.9(a)), the fluorescence enhancement is
somewhat less than the one on the NAO without any coating, and which was not
observed in the first experiment for fluorescence strength comparison between FITC and
FITC-BSA. In order to confirm the quenching phenomenon, two more control
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experiments have been performed. In the first control experiment, two substrates are
prepared as shown in Figure 5.10, the top row showing one NAO and ITO glass substrate
without any coating, and the bottom row showing one with a 10 nm Au coating on the
surface. The same amount of R6G is uniformly applied on these two substrates and the
measurement is taken after the substrates are dried. As shown in Figure 5.10, the
fluorescence signals from the NAO part in both fluorescence images have been
significantly enhanced compared to that from the glass, even though the fluorescence
signals from the lOnm Au coated NAO has been less enhanced, which is due to the
quenching effect of the R6G directly contacting with the metal. Another control
experiment is performed with Calceim AM. An even thinner Au film of 5 nm thickness is
coated on half of the substrate, as shown in Figure 5.11. As expected, because of the
quenching effect, the fluorescence enhancement shows some difference between the two
sides of the substrate, which can be clearly seen at the interface with and without Au
coating. Based on all the above experiments, the observed phenomena suggest that
coating with a thin film of metal would reduce the fluorescence enhancement because of
the quenching effect. Further experiments are required for determining the relationship
between the fluorescence enhancement and distance from the NAO surface to the
fluorophores.
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Figure 5.9 Bright field and corresponding fluorescence images of FSS on NAO substrates
with different thickness of Au: (a) 10 nm thickness of Au; (b) 30 nm thickness of Au; (c)
80 nm thickness of Au.
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Figure 5.10 Top row: bright field and corresponding fluorescence images of R6G on
NAO substrates; bottom row: bright field and corresponding fluorescence images of R6G
on NAO substrates with 10 nm Au coating.

Figure 5.11 Bright field and corresponding fluorescence images of Calceim AM on NAO
and ITO glass substrate with 5 nm Au coating on the right.
Third, the fluorescence signals of FSS on poly (methyl methacrylate) (PMMA)coated NAO substrates have been measured and compared. In the second experiment, the
increase of the thickness of Au does not only increase the distance between the
fluorophore and the NAO surface, but it also introduces the fluorescence quenching effect
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because of the fluorophore directly contacting the metal. In this case, it is not very clear
about the gap effect for fluorescence enhancement. Using PMMA, which is a non-metal
material, the quenching effect will not be introduced. In this way, a much clearer
relationship between the distance and the fluorescence enhancement can be observed. In
this experiment, PMMA with thickness ranging from 50 to 100 nm is spin coated on the
NAO substrate. The same amount of FSS is coated on these samples. Experiments found
that the fluorescence signals decrease with the thickness of PMMA, but the enhancement
still can be observed when compared to the glass substrate with the same amount FSS.
However, when the PMMA thickness is increased to ~ 100 nm, the fluorescence signal of
FSS shows negligible enhancement compared to that on a glass substrate. Figure 5.12
shows the fluorescence signal intensity column chart of FSS on eight different substrates,
two glasses, two NAO substrates, two glasses with 100 nm PMMA coating, and two
NAO substrates with 100 nm PMMA coating. The fluorescence signal shows no
difference for glass with or without the PMMA coating, indicating the PMMA will not
affect the fluorescence intensity. In contrast, the fluorescence signal dramatically
decreases while the 100 nm PMMA is coated on the NAO substrate, even though it is still
a little stronger than that on the glass. This might be due to the ~ 100 nm penetration
depth of the evanescent electrical field from the surface of the NAO [93, 94], The same
phenomenon has also been observed for other fluorophores. The results confirm the gap
effect for the fluorescence enhancement, which is that an increase in the distance between
the fluorophores and the NAO surface will decrease the fluorescence enhancement.
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Figure 5.12 Fluorescence intensity column chart of FSS on glass substrates, NAO
substrates, glass substrates with 100 nm PMMA coating, and NAO substrates with 100
nm PMMA coating.
5.5

Discussion

While further studies are required for determining the physical mechanism for the
fluorescence enhancement on the NAO substrate, based on the previous research by other
groups and our experiments, the enhancement mechanism is probably mainly related to
the following reasons. First, optical scattering of the NAO may be a key factor in the
fluorescence enhancement. Specifically, based on the Mie scattering theory, the scattering
property of the NAO is related to the following parameters: the nanopore size, the
distance among pores, the excitations optical wavelength, and the oxygen-deficient
defects in NAO, which have been confirmed by the photoluminescence measurements of
the NAO substrate reported by other groups [79, 80, 95-98]. Electromagnetic fields, with
high surface intensities, are induced by the surface scattering effects, which eventually
cause the enhanced fluorescence. Second, similar to other reported metal oxide nanoscale
materials [33, 63, 64], the evanescent electrical field from the surface of the nanoscale
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NAO grains may also play an important role in the fluorescence enhancement. This
assumption has been confirmed by the experiments evaluating the relationship between
the fluorescence enhancement and the distance from the NAO surface to the
fluorophores. The experiments reveal that the fluorescence signals are only significantly
enhanced in the range of 100 nm from the NAO surface. The fluorescence enhancement
becomes substantially weak at and beyond 100 nm from the NAO surface. It also needs
to be mentioned that, different from the noble metal (i.e., Au and Ag) evanescent fieldbased fluorescence enhancement technology, such as the total internal reflection
fluorescence microscopy [93], no dielectric layer needs to be used for separating the
fluorophores and the NAO substrate to avoid the quenching effect. Instead, the
fluorophores can be left directly on the surface of the NAO substrate, which would
significantly simplify the experimental procedure.

5.6

Summary

In this chapter, the NAO material has been identified as the only source for the
fluorescence enhancement. Experiments revealed the gap effect on the fluorescence
enhancement. As the gap from the NAO surface to the fluorophores increases, the
fluorescence enhancement will decrease. The 100 nm distance from the NAO surface
needs to be considered when this platform is applied for fluorescence enhancement,
because at and beyond that distance, the fluorescence signal would not be significantly
enhanced as compared to that on a common operation platform, such as the glass
substrate. Based on previous research from other groups and our experiments, there are
two possible enhancement mechanisms: the surface scattering effect of the NAO and the
evanescent electrical field from the surface of the nanoscale NAO grains. Further studies
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are still required to verify these as the physical mechanisms for the fluorescence
enhancement on the NAO substrate.

CHAPTER 6

FLUORESCENCE IMMUNOSENSOR

6.1

Overview

Fluorescent immunoassay is one of the most widely utilized techniques in protein
detection, because the fluorescence technique can provide very high sensitivity and large
multiplexing capabilities over other detection methods [1, 99, 100]. For example, protein
microarray technology is a high throughput technique for monitoring the interactions and
activities o f proteins, and determining their function on a large scale. Its main detection
method

is

fluorescence

signal

detection.

Another

technology

enzyme-linked

immunosorbent assay (ELISA), which uses antibodies and color change to identify a
substance, has been widely used as a diagnostic tool in medicine, plant pathology and
many other fields. It also utilizes fluorescence sensing as one of its main detection
techniques.
However, it is still very important to further increase the sensitivity of the
fluorescence detection method since the higher sensitivity may offer the possibility for
disease diagnosis at the early stage, and also significantly reduce the usage of the amount
of expensive biological samples in the experiments. Development of the advanced
nanostructured substrate is one way to increase the sensitivity of the fluorescence-based
protein detections. In the past decades, extensive researches have been done to develop
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different advanced substrates to enhance the fluorescence for biodetections. The most
common type of advanced substrates is based on metal-enhanced fluorescence (MEF)
technology.

Some

fluorescent immunoassay

sensors based on

metal-enhanced

fluorescence (MEF) technology have been developed and reported. Examples include a
variety o f metallic nanoparticles [44], D2PA plate [61], and tunable nanoplasmonic
resonator-based biosensors [101]. MEF technology is enabled by the surface plasmon
resonance effect. Another category of the advanced substrate is based on some metal
oxide nanomaterials or nanostructures, such as ZnO nanomaterials [91].
The nanostructured aluminum oxide (NAO) substrate, as discussed in previous
chapters, can increase the fluorescence signals up to two to three orders of magnitude for
fluorescent dyes and labeled biomolecules compared to a glass substrate. And being
different from MEF-based technology, the NAO-based fluorescence technology not only
can be fabricated in an arrayed format in a cost-effective manner without using any topdown nanofabrication process, but also does not require a layer of dielectric spacer
material between the sensing surface and fluorophores to avoid the quenching effect.
Thus, the NAO substrate becomes a good choice for serving as a fluorescent
immunoassay platform.
For a variety of biological and biomedical applications, different concentrations of
biological samples may be required for fluorescence detection and analysis. Ideally, a
fluorescence technical platform, especially for high throughput applications, can offer
high sensitivity and additionally have an interface for simple sample delivery as well. For
instance, in DNA or protein microarray technology, the DNA or protein samples (i.e., the
fluorescence labeled targets) are usually delivered to the desired locations (i.e. the fixed
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probes) on a solid substrate by utilizing an array of fine pins or needles controlled by a
robotic arm that is dipped into wells containing DNA probes and then depositing each
probe at designated locations on the array surface. The resulting ‘grid’ of probes
represents the nucleic acid profiles of the prepared probes and is ready to receive
complementary ‘targets’ derived from experimental or clinical samples [102]. The
procedure could be quite cumbersome, time-consuming and expensive, especially for
delivering a series of varied concentrations of biological samples to the desired fixed
probes on the substrate. Hence, the use of an automatic varied concentration generating
and delivering interface of biological samples will be a favorable option.
In this chapter, the fluorescence immunosensor based on an NAO substrate will
be fabricated and tested for monitoring the binding between biomolecules. A
reconfigurable sample delivery microfluidic interface will also be fabricated and
integrated into the sensor to realize a system with an automatic varied concentration
generation function.

6.2
6.2.1

Materials and Methods

Chemicals and Materials
The immunoassay reagents used in the experiments include Protein A (Pierce

Biotechnoly, Inc), buffer solution phosphate buffered saline (PBS) (pH = 7.2) (SigmaAldrich, Inc), SEA BLOCK blocking buffer (Pierce Biotechnology, Inc). SEA BLOCK
blocking buffer contains steelhead salmon serum in PBS and 0.1% sodium azide. It does
not interact significantly with mammalian antibodies and thus results in minimal or no
background. Deionized (DI) water was obtained from a DI water purification system
(Millipore, FRANCE). Human Immunoglobulin G (IgG) labeled with FITC was
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purchased from Rockland Immunochemicals Inc. and was diluted using PBS solution at
different concentrations. Rabbit Immunoglobulin G (IgG) labeled with Rhodamine was
purchased from Rockland Immunochemicals Inc. and was diluted using PBS solution at
different concentrations.
6.2.2

Fabrication of Arrayed Microfluidic Fluorescence Sensors
The fabrication process flow is the same as previous by discussed in Chapter 2 for

the

micropattemed

NAO

fabrication.

One

additional

step

is

bonding

the

polydimethylsiloxane (PDMS) microfluidic chip onto the NAO substrate to form the
microfluidic device. Figure 6.1 shows the complete fabrication process. Briefly, this
process starts from an ITO glass substrate with rigorous cleaning as mentioned in Chapter
2, shown in Figure 6.1(a). Then the A1 micropattem is formed by a lift-off process. As a
result of the lift-off process, a layer of A1 micropattems is formed, and these A1
micropattems are connected to a large Al pattern, as shown in Figure 6.1(b). After the A1
micropattems are fabricated, a one-step anodization process using oxalic acid is
performed to form the NAO, as shown in Figure 6.1(c). A PDMS microfluidic chip is
fabricated separately and bonded onto the NAO substrate followed by assembling the
input and output tubing. The input tubes are connected to syringes which are controlled
by syringe pumps while the output tube leads to a biochemical waste collecting beaker.
The PDMS microfluidic chip is fabricated using a soft lithography process [103] which is
described in Figure 6.2. Optical lithography is used to form a 50 pm SU8 mold on a
silicon wafer, as shown in Figure 6.2(a). The PDMS is then cast over the mold, followed
by a curing process in an oven for 1.5 hours at a temperature of 65 °C, as shown in Figure
6.2 (b). Finally, the PDMS replica is peeled off from the mold and then bonded on a
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substrate to complete the fabrication of the microfluidic device following oxygen plasma
surface treatment on the PDMS and the substrate, as shown in Figure 6.2(c) and (d).

Al pattern

PDMS chip
NAO
micropattem

— I"!1— : , Current
meter

Figure 6.1 Fabrication process flow of the NAO microfluidic device: (a) start with ITO
glass substrate; (b) Al patterns formed on the substrate using a lift-off process; (c) onestep anodization used to form the NAO; (d) a PDMS microfluidic interface is bonded to
the NAO substrate to form the microfluidic fluorescence sensor.

SU 8 mold

Bonding substrate

PDMS

PDMS replica

Figure 6.2 Fabrication process flow of the PDMS microfluidic chip: (a) form SU 8 mold
on a silicon wafer; (b) cast PDMS on the mold and cure it; (c) peel off the PDMS replica;
(d) bond the PDMS replica on a substrate after oxygen plasma treatment.
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6.2.3

Fluorescence Biodetection Procedure
For technical demonstrations, Protein A is used while immunoglobulin G (IgG)

labeled with FITC or Rhodamine is used as a target. The Protein A captures IgG through
the strong Fc (Fragment, crystallizable) binding. Sea Block is used as the blocking layer
for preventing nonspecific binding. This bioassay is very selective and only specific
between Protein A and IgG, and hence it is wildly used as a simple model for
immunoassay [61, 104]. Figure 6.3 shows the sketch of this immunoassay on the NAO
fluorescence sensor.

Labeled
Rabbit-IgG
^0 Protein A

NAO
M B Sea Block
Figure 6.3 Sketch of immunoassay on the NAO fluorescence sensor
The detailed procedure for the immunoassay is schematically illustrated in Figure
6.4. Briefly, first, Protein A is immobilized on the NAO surface, followed by rigorous
rinsing by PBS to remove the unbound Protein A. Then, Sea Block is applied to occupy
the unbounded sites on the NAO surface, followed by rigorous rinsing by PBS. This step
is for minimizing the non-specific binding. Finally, fluorophore-labeled IgG is applied
and bound with Protein A, followed by gentle rinsing with PBS. Thereafter, the
fluorescence images are obtained by the fluorescence inverted microscope (Olympus IX
51) equipped with DP71 camera (Olympus, Inc).
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Figure 6.4 Sketch showing the major steps for immunoassay
6.3
6.3.1

Microfluidic Chip Design and Operation

Design o f a Simple Microfluidic Chip
A simple microfluidic chip without any programmable sample delivery interface

is designed first. This chip can be simply used with the NAO substrate to replace the
traditional glass substrate based fluorescence detection platform. The fluorescence
enhancing platform of the NAO substrate with the simple microfluidic chip together can
deliver a fluorescence biosensor with high sensitivity. The schematic of the proposed
fluorescence biosensor is illustrated in Figure 6.5, which consists of three arrayed
sensors. The sensing region of each sensor consists of a PDMS microfluidic chamber and
micropattemed NAO on the ITO glass substrate. The NAO micropattem is either a

86

microline-pattem or a circular-pattem, which is located inside a PDMS chamber. The
microfluidic channels are used to transport the biological samples and buffer solution to
the sensor through the inlet and the wastes can be taken out from the sensors through the
outlet. A photo of the fabricated sensor is shown in Figure 6.6.

Fluorescence
sensor

Outlet
PDMS

NAO
micropattem
Figure 6.5 Sketch of three arrayed microfluidic fluorescence sensors

Figure 6.6 Photo of the fabricated microfluidic fluorescence sensor
6.3.2

Design o f a Microfluidic Chip with Programmable Delivery Interface
The microfluidic chip with a programmable sample delivery interface is modified

from previous work [105]. This work describes a microfluidic system which can generate
solution and surface gradients. The basic idea of this microfluidic system is a network of

microchannels with three inlets, as shown in Figure 6.7(a). Solutions of chemicals of
different concentrations are infused simultaneously into these inlets by syringes. The
solutions are repeatedly split, mixed, and recombined in these serpentine microchannels
as they travel down the network. Finally, different proportions of the infused solutions
come out at the end of each branch. A gradient would be generated when all these
branches are brought together into a single channel. By analogizing this pyramidal
microfluidic network to an electronic circuit, as shown in Figure 6.7(b), the amount of
flow from each branch can be calculated and the concentrations of generated solutions
can be predicted. By defining the network which contains n vertical channels as an «th
order branched system (B = n), and label the vertical channel ( V) from left to right as V =
0, V= 1, and V = B - 1 (see Figure 6.7(b)), the amount of flow from each branch can be
described by parameters B and V. As this network is a symmetrical system, the
normalized splitting ratio at each branching point of this network is derived as follows:
amount of flow to the left branch of each branching point network is [5 - V\![B + 1] and
to the right branch of each branching point is [V + l]/[5 + 1]. By calculating the amount
of flow in each branch, the proportions of solutions to the inlet solutions in each branch
can be predicted, and hence the concentration gradient at the outlet can be derived from
these splitting ratios.
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(a )

(b )

* " •*

V4

O uM

Figure 6.7 (a) A gradient-generating microfluidic network; (b) equivalent electronic
circuit model of the pyramidal microfluidic network [105].
To ensure the above formula for the splitting ratio can be used for calculating the
concentration gradient at the outlet, the neighboring fluid streams which flow into the
same vertical serpentine channel should be completely mixed. The mixing mechanism in
this microfluidic network is based on diffusion. To be specific, two streams of
neighboring laminar flow fluids travel side by side in the serpentine channel and
exchange molecules through diffusion. So, we need to design a serpentine channel which
is long enough for streams to travel and finish the mixing completely while they are still
in the channel. An analytical solution for the concentration of the mixing solution is given
by a one dimension diffusion equation [105]
00

"ST1 ( h + 2 nl — x
h — 2 nl + x )
C(t,x) = - C 0 2 ^ |erf
+ erf
j,
1

(6.1)

n=-oo

where, C(t, x) is the concentration at time t and at point x; Co is the initial concentration in
the channel; D is the diffusion coefficient in cm2/s; h is the width of the initial
distribution; and / is the width of the channel. This equation shows that 97% diffusive
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mixing will be reached after 1 s for a numerical evaluation with n = -10 to +10, D = 5 x
10' cm /s, / = 50 pm and h = 25 pm. As a result, if a serpentine channel is designed, as
shown in Figure 6.8(a), with channel total length 16 mm, width 50 pm, 97% diffusive
mixing will be reached at the end of the serpentine channel with a flow rate of 16 mm/s.
By controlling the flow rate at less than 16 mm/s in this design, the neighboring fluid
streams, which flow into this serpentine channel, will completely mix at the end of the
channel. This serpentine channel is then used as the vertical channel in the microfluidic
chip design, as show in Figure 6.8(b).

Figure 6.8 (a) Design of the serpentine channel; (b) microfluidic chip with serpentine
channels.
A schematic of the proposed arrayed fluorescence biosensor with programmable
sample delivery interface is illustrated in Figure 6.9. Specifically, this platform integrates
arrayed fluorescence sensors and a microfluidic concentration generator on a single chip.
The NAO is used as fluorescence enhancement substrates for the arrayed fluorescence
sensors. The microfluidic concentration generator is a microfluidic network built from the
serpentine channel previously discussed. Each sensor consists of a polydimethylsiloxane
(PDMS) microfluidic chamber and micropattemed NAO on the ITO glass substrate. The
NAO micropattem is a microline-pattem, which is located inside a PDMS chamber. The
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arrayed sensors are connected to the microfluidic network, which can generate and thus
provide programmable concentrations of fluorophore-labeled proteins to the sensors. A
photo of the fabricated microfluidic fluorescence biosensor based on this schematic is
shown in Figure 6.10.

“

NAO
micropattem
Fluorescence
sensor

Varied concentr;
generator
Figure 6.9 Sketch of the fluorescence sensors with a programmable sample concentration
generating and delivering microfluidic interface.

N A O sensor

Inlets

Outlet

Figure 6.10 Photo of fabricated microfluidic fluorescence biosensor
6.3.3

Microfluidic Chip Operation for Generating Programmable Concentration
The microfluidic device for generating programmable concentrations of a sample

has three inputs for flowing liquid solutions (i.e., biological samples, etc) into the chip.
There are two flow schemes for generating programmable concentrations. As illustrated

in Figure 6.11(a-c), symmetric flow is achieved by flowing the samples through the
middle input (M-input), and flowing DI water or PBS buffer through the left input (Linput) and right input (R-input). Asymmetric flow is achieved by flowing the samples
through either the L-input or the R-input, and flowing DI water or PBS buffer through the
M-input and either the R-input or L-input. If the flowing rates of the sample/water are the
same in all three inputs, the concentration profile at the outputs (1, 2, 3, 4, 5) can be
predicted by modeling the pyramidal microfluidic network as an equivalent electronic
circuit as previously discussed. The symmetrical flow scheme results in a symmetrical
sample-concentration profile at the outputs with the highest in the middle output, channel
3. All the achieved concentrations at the outputs are lower than the original concentration
of the sample. The asymmetrical flow scheme provides an alternative for providing not
only the original sample concentration through one output but also different
concentrations at other outputs. Hence, depending on the concentration requirements,
these two schemes can be utilized alone or combined. In addition, the concentration at
each output channel can be accurately determined, which is very useful for quantitative
analysis of a bioreaction. The two different concentration profiles resulted from these two
different flowing schemes have been experimentally demonstrated by flowing blue food
dye (McCormick, Inc.) as the simple model through one input and water through the
other two inputs as shown in Figure 6.11(d-e). The flow rates through all three inputs are
the same. As expected, with the same concentration of blue food dye for these two flow
schemes, the symmetric flow scheme shows the symmetric concentration profile with the
highest concentration at the middle output 3, while the asymmetric flow scheme gives the
highest concentration at the leftmost output 1. Note that more different concentrations of
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the sample can be achieved by cascading more levels of the fluidic network. In all the
following experiments, the biochemical samples and buffer solution are transported to the
microdevice through the assembled plastic tubing (Upchurch Scientific, Inc.) by a syringe
controlled by a syringe pump (KD Scientific, Inc.).

(c) Sample/water
(d) Symmetrical flow

2
outputs

3

4

(e) Asymmetrical flow

NAO
micropatterri

Figure 6.11 Operation of the microfluidic chip: (a) 2-D sketch of the fluorescence
sensors; (b) close-up of one fluorescence sensor, showing the NAO microline-pattem
inside the sensor; (c) close-up of the programmable sample concentration generating
region with output channel 1, 2, 3, 4, 5; (d) experimental concentration profile of blue
food dye at the outputs under symmetric flow scheme; (e) experimental concentration
profile of blue food dye under asymmetric flow scheme.
6.3.4

Fluorescence Measurement and Experimental Data Analysis
Both microfluidic chips are used in fluorescent immunoassay for binding

detection between Protein A and IgG. The fluorescence images are obtained using the
Olympus IX 51 inverted fluorescence microscope. The built-in black balance function in
the fluorescence microscope is used to improve the contrast of the fluorescence image.
The relative intensity of the fluorescence is directly obtained from the image. The
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fluorescence image analysis method, using the MatLab program discussed in Chapter 3,
is employed to analyze the fluorescence intensity.

6.4
6.4.1

Results and Discussion

Fluorescence Enhancement in Immunoassay
In order to confirm NAO’s fluorescence enhancement on the immunoassay, the

binding between Protein A and FITC conjugated rabbit IgG is employed to test the device
with the simple microfluidic chip. The experimental procedure for fluorescence
biodetection is the same as mentioned before. Specifically, Protein A is dispersed in PBS
solution with a concentration of 0.5 mg/mL. Sea Block is diluted with PBS solution at a
ratio of 1:4. Different concentrations of 200, 20, and 2 pg/mL of IgG are prepared for the
experiments. The immunoassay begins with flowing Protein A by a syringe pump at 10
pL/min rate to fill the PDMS chamber. Then, the pump stops flowing in order to allow
Protein A to immobilize on the sensing surface for 60 minutes. PBS solution is then
followed at 10 pL/min rate for 5 minutes to remove the unbound Protein A from the
sensing surface. Then, Sea Block is applied to prevent nonspecific binding of IgG in the
next step. It begins with a flow rate of 10 pL/min to fill the PDMS chamber and then stop
flowing to allow Sea Block to immobilize on the unbound space between Protein A
molecules for 15 minutes. Another PBS solution is then flowed to remove the unbound
Sea Block at 10 pL/min for 5 minutes. Finally, the IgG is flowed at a rate of 10 pL/min to
fill the chamber, and then is incubated for 1 hour to ensure that as many IgG as possible
can be captured by Protein A. PBS solution is flowed again to remove the unbound IgG at
the rate of 10 pL/min for 5 minutes.

Figure 6.12 shows the bright field image of the NAO microline-pattem in a
fluorescence sensor and the corresponding fluorescence image after FITC-conjugated
rabbit IgG was captured and bound with Protein A. The microline width is about 15 pm.
And, the IgG is at a concentration of 200 pg/mL. By examining the fluorescence image,
the NAO microlines have a strong green fluorescence emission even though the
immunoassay (i.e., binding between Protein A and IgG) occurs on the whole sensing area,
including both NAO microlines and glass. The strong fluorescence signals on the NAO
microlines indicate the great fluorescence enhancing capability of NAO for fluorescencebased immunoassay.

Figure 6.12 Bright field image (a) and corresponding fluorescence image (b) of the NAO
microline-pattem in the fluorescence sensor after Protein A binding with FITCconjugated rabbit IgG.
To further quantify the fluorescence enhancement by NAO, the image analysis
method discussed in Chapter 3 is used. All the intensity plots are obtained after applying
background reference correction. Figure 6.13 gives some quantitative analysis results.
Optical images and the corresponding fluorescence images are given for three different
concentrations of IgG (1.33 pM, 133 nM, 13.3 nM) used in the immunoassay, as shown
in Figure 6.13(a) and (b), respectively. The optical images and fluorescence images
include the NAO circular micropattem and the glass substrate, which is also inside the
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PDMS chamber. The relative fluorescence intensities shown in Figure 6.13(c) are plotted
along the center-cutlines in the fluorescence images in Figure 6.13(b). All the intensity
curves are plotted after subtracting the fluorescence noise from the blank glass and blank
NAO substrate. While the fluorescence intensity plot, which is the right most plot in the
row of Figure 6.13(c), with IgG at 1.33 pM concentration, still has some fluorescence
signals on the glass around the NAO micropattem, the other two plots, that is, the left two
plots in the row of Figure 6.13(c), with IgG concentrations at 133 nM and 13.3 nM, show
negligible fluorescence signals on the glass. In contrast, on the NAO micropattems, all
three concentrations of IgG exhibit clear fluorescence signals, even though the
fluorescence intensity is relatively low at the concentration of 13.3 nM. These
measurements indicate that the fluorescence sensor increase the sensitivity by two orders
for IgG detection and is capable of detecting 13.3 nM of IgG without any device
optimization.

(a)

(b)

m a

fc
Pixel number

pixel number

Pixel number

Figure 6.13 (a) Bright field images of the NAO circular pattern in the fluorescence
sensors; (b) corresponding fluorescence images of the NAO pattern after the
biomolecular binding process with IgG at concentrations of 2, 20, and 200 pg/mL (13.3
nM, 133 nM, 1.33 pM), respectively; (c) corresponding fluorescence intensity along the
cutline horizontally through the center in (b) after subtracting the background of the
blank glass and blank NAO.
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6.4.2

Immunoassay on Microfluidic Chip with Concentration Generator
After quantifying the NAO’s fluorescence enhancement for immunoassay, the

device with arrayed NAO sensors and the varied concentration generating microfluidic
chip is used to demonstrate the multiplex fluorescence biodetection ability. The
immunoassay procedure is identical to that with a simple microfluidic chip except the
flow rate needs to be slower for a complete mixing of the samples in the serpentine
channel.
In Figure 6.14, two representative different concentration profiles of the IgG have
been generated and then delivered to the fluorescence sensors, thereby resulting in
different fluorescence imaging profiles. In both cases, the flow rates for IgG and PBS
buffer are kept the same at 0.3 pL/min through the three inputs (i.e. L-input, M-input and
R-input). Using the symmetric flow mechanism in Figure 6.14(a-l) and the asymmetric
flow mechanism in Figure 6.14(b-l), different concentrations of IgG are generated and
then bound to the Protein A. Fluorescence images of the arrayed sensors under the
symmetric flow scheme are shown in Figure 6.14(a-2). Rhodamine-labeled rabbit IgG is
used in this demonstration. The fluorescence intensity varies with different concentrations
of IgG. As expected, the sensor in the middle connected to channel 3 has the highest
fluorescence intensity, while the fluorescence intensities of the other four sensors reduce
symmetrically around the middle sensor to essentially nothing. The fluorescence images
of the arrayed sensors under the asymmetric flow scheme are shown in Figure 6.14(b-2).
FITC-labeled human IgG is used for this test. As shown, the fluorescence intensities
decrease from the left sensor, which is connected to channel 1, to the right one, which is
connected to channel 5. Specifically, the sensor connected to channel 1 has the highest
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fluorescence intensity. The fluorescence intensities of the two sensors that are connected
to channel 4 and 5, are found to be identical to that of the blank NAO sensor. The very
low fluorescence emission from these two sensors is just the scattering background from
the NAO. Since negligible IgG has been flowed to channel 4 and 5, there is essentially no
IgG applied to these two sensors. The fluorescence intensity on each sensor has been first
obtained by subtracting the NAO background scattering intensity, and then normalized to
the fluorescence intensity of the IgG at its original concentration (i.e., the concentration
of IgG before flowing into the device) on an identical sensor. Based on the measured
fluorescence intensity, the normalized IgG concentration for each channel can be
obtained, as shown in Figure 6.14(a-3) and (b-3), which is very consistent (±5% offset)
with the prediction by the equivalent electronic circuit model previously discussed,
indicating the possibility to quantify the bio-samples applied on the sensors. Note that the
resulting concentration profiles of IgG can also be easily tuned by simply changing the
flow rates of the samples (i.e., IgG) and/or changing the input (i.e., among L-input, Minput, R-input) for the samples. Even though such concentration profiles of IgG cannot be
easily predicted using the simple electronic circuit model, but they can still be determined
by some simple trial experiments. As such, a variety of pre-known concentration profiles
of IgG can be generated and delivered to the fluorescence sensors, offering a great deal of
flexibility for fluorescence-based bioassay, which is particularly useful for high
throughput applications. Furthermore, it is also possible to generate and deliver a
specific/distinct concentration of the IgG to each single sensor by using a modified
microfluidic interface, such as a combination of the microfluidic concentration generator
with a 2-D or 3-D microfluidic network of controlled valves and pumps [106].
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(a-1)

(b-1)

Channel
number

Flowing scheme

Figure 6.14 Symmetric flow scheme: (a-1) the IgG is flowed through the M-input; (a-2)
fluorescence images of the sensors with different concentrations of IgG; (a-3) the
measured concentration profile of IgG delivered to each sensor based on the fluorescence
intensity. Asymmetric flow scheme: (b-1) the IgG is flowed through the L-input; (b-2)
fluorescence images of the sensors with different concentrations of IgG; (b-3) the
measured concentration profile of IgG delivered to each sensor based on the fluorescence
intensity.
6.4.3

Immunoassay Fluorescence Enhancement vs. Anodization Time
In addition to above experiments, the immunoassay has also been carried out on

three types of sensors, as shown in Figure 6.15. In these experiments, the immunoassay
has been carried out only on the upper part of the NAO microline-pattems. The NAO in
the three sensors has been fabricated using different anodization times, which is 45
minutes, 35 minutes, and 25 minutes, as presented in Figure 6.15(a), (b), and (c),
respectively. Optical images of NAO microline-pattems of the three sensors are given in
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Figure 6.15(a-l), (b-1), and (c-1). The corresponding fluorescence images, after
immunoassay, are shown in Figure 6.15(a-2), (b-2), and (c-2), respectively. In order to
enhance the image contrast, the fluorescence images are adjusted by the blank balance
function provided by the software of the fluorescence microscope. Clearly, the
fluorescence signals on NAO microline-pattems are much larger than those on the glass
due to the fluorescence enhancement capability of the NAO. In order to quantitatively
evaluate the IgG attached to the Protein A, the volume of the IgG solution is fixed at
different concentrations and applied to the sensor surfaces. After an incubation time of 40
minutes, the chip is rinsed gently by PBS. In these experiments, the applied concentration
of IgG is 0.1 ng/mm2. As shown in Figure 6.15, the fluorescence images give the
identical profiles to those of the NAO microline-pattem for each type of sensor. The plots
of the fluorescence intensities of IgG on the three different sensors are given in Figure
6.15(a-3), (b-3), and (c-3), respectively. It is shown that by using the same amount of this
low concentration of IgG, the fluorescence intensity is a little larger for the sensor with
NAO formed by a longer anodization time (i.e., longer anodization time to convert more
A1 into NAO). In other words, the partially anodized A1 (shorter anodization time) does
enhance the fluorescence signals, while the more anodized A1 (longer anodization time)
gives a little but not significantly larger enhancement, in such a low level concentration
of fluorophores.
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Figure 6.15 Three fluorescence sensors with NAO microline-pattems fabricated using
different anodization time: (a) 45 minutes; (b) 35 minutes; (c) 25 minutes. Immunoassay
carried out only on the upper part of the NAO microline-pattems for the three sensors.
From top row to bottom row: optical images; the corresponding fluorescence images; and
the plots of the fluorescence intensity. The width of the NAO microlines is ~15 pm.
6.5

Summary

A nanomaterial based fluorescence sensing platform with two microfluidic chips
has been developed and tested for immunoassay. The fluorescence sensing platform is
enabled by the NAO, which can dramatically enhance the fluorescence signals for the
immunoassay compared to the glass substrate. The programmable, sample delivery
microfluidic interface, which is integrated with the arrayed sensors, can generate and
deliver different concentrations of the biological samples to each sensor, paving the way
for achieving a multiplexed fluorescence-based bio-detection and analysis. As a technical
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demonstration, the fluorescence signals and images for an immunoassay with Protein A
and IgG labeled with Rhodamine or FITC have been measured. The delivery of
programmable concentrations of IgG to each sensor by the platform has been achieved.
Given the simple and inexpensive fabrication process of the sensor, and the feasibility of
fabricating hundreds of sensors on a single chip, this technical platform may have broad
applications in biological, medical, chemical and other researches.

CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1

Conclusion

In this dissertation, a new fluorescence enhancement technical platform, based on
nanostructured aluminum oxide (NAO), has been discovered and reported for the first
time. Experiments reveal that this new platform can enhance the fluorescence signals up
to two or three orders of magnitude compared to a traditional glass substrate. With such a
high fluorescence enhancement, this platform provides a great potential for applications,
such as high resolution fluorescence imaging and high sensitivity fluorescence sensing.
A rapid and cost-effective process has been developed to fabricate the
micropattemed NAO. Generally, this process contains two important steps: a lift-off
process and a one-step anodization process. By employing this process, a large-scale
arrayed fluorescence sensing platform can be easily made for high throughput
applications. A variety of shapes for the micropattemed NAO arrays has been routinely
fabricated. The pattern size can be as small as several micrometers to as large as several
hundred micrometers. For the first time, an optical characterization technology utilizing
UV light irradiance has been found, which can determine if the NAO has been formed
from A1 and the level o f NAO formation. This technique is particularly useful for the
determination of NAO formed in the A1 micropattems. The UV characterization method
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is also used in prediction of the defect position of the micropattered NAO array in NAObased fluorescence applications.
A series of systematically designed experiments has been carried out to determine
the fluorescence enhancing factor for this platform compared to a glass substrate. Several
fluorescence dyes and fluorescein isothiocyanate conjugated bovine serum albumin
(FITC-BSA) have been uniformly coated on this platform and on a glass substrate.
Experiments found a detection limit of 1.4 nM for BSA protein detection, and the
analysis results suggest a fluorescence enhancing factor for up to two or three orders of
magnitude, depending on the fluorophore used.
Experiments identified the NAO material as being the only source for the
fluorescence enhancement and revealed the gap effect on the fluorescence enhancement.
As the gap from the NAO surface to the fluorophores increases, the fluorescence
enhancement will decrease. The 100 nm distance from the NAO surface needs to be
considered when this platform is applied to fluorescence enhancement, because, at and
beyond that distance the fluorescence signal would not be significantly enhanced as
compared to that on a common operation platform, such as the glass substrate. Based on
previous research from other groups and our experiments, two possible enhancement
mechanisms are proposed: the surface scattering effect of the NAO and the evanescent
electrical field from the surface of the nanoscale NAO grains. However, further studies
are still required to verify these as being the physical mechanisms for the fluorescence
enhancement on the NAO substrate.
After the proof of concept demonstration of tremendous fluorescence
enhancement on this platform and mechanism exploring, two fluorescence sensing
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microfluidic devices based on the NAO microarray have been developed and tested for
immunoassay. Protein A and IgG binding is used as the model of immunoassay.
Experiments found the sensitivity is increased by two orders for IgG detection and this
platform is capable of detecting 13.3 nM of IgG without any device optimization. The
device with the programmable sample delivery microfluidic interface is successfully
demonstrated to deliver the desired sample concentrations to each sensing area, paving
the way for achieving a multiplexed fluorescence-based bio-detection and analysis.
Given the simple and inexpensive fabrication process of this NAO based
fluorescence enhancing platform, and the feasibility of fabricating a sensing array on a
single chip, this technical platform could provide a high level contribution to
fluorescence-based biological, medical, chemical and other research areas.

7.2

Future Work

The florescence enhancing platform has been discovered and its application in
protein detection has been successfully demonstrated in this dissertation. However, there
are a few recommendations for further improvements and applications for this platform.
For device optimization, the fluorescence enhancement could be optimized by
changing the NAO optical properties. As discussed before, the optical properties of the
NAO will affect the fluorescence enhancement, and they are determined mostly by the
nanopore size and interspacing on NAO. It is possible that one type of NAO substrate is
more favorable for one specific fluorescent dye than the other because of its specific
optical properties. As already known, the NAO pore size can vary from several
nanometers to hundreds of nanometers depending on experimental conditions, such as
applied anodic voltage, electrolyte type, electrolyte concentration, and temperature. And
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so does the interspace distance between nanopores. So it is possible that we can optimize
the NAO for one specific fluorescent dye through tuning the nanopore size and interspace
distance under different anodizaiton environments.
For the fabrication process, it is possible to improve further. By combining a lift
off process and a one-step anodization, the micropattered NAO can be easily fabricated in
this dissertation. However, this fabrication process has the following limitations: (1) it
requires A1 microlines to connect to A1 micropatttems to allow current flow to each
micropattem during the anzodization process. If the A1 microlines finish the anodiztion
faster than the A1 micropattem, the current will stop flowing through the micropattems
and only part of these micropattems will be anodized. (2) Since the micropattems have to
be connected by A1 microlines, the choices of the micropattem shape are limited.
Otherwise, the micropattems cannot be properly anodized. A wet etching process with
proper mask coating on a bulk NAO film may provide the possibility to overcome these
limitations.
For applications, the NAO based fluorescence platform may be used to facilitate
cellular imaging and DNA hybridization detection. Through the study of cellular
dynamics, cellular imaging can give us a better understanding of the biological function.
Considering that the fluorescence enhancement of the NAO platform is distance
dependent and the cell membrane is typically ~7 nm, we probably could use this platform
to enhance the fluorescence on the membrane for a better observation of different
bioactivity through the membrane. The distance related fluorescence enhancement
property could also be applied to DNA hybridization detection. If a fluorophore-tagged
DNA hairpin that attaches on the NAO surface binds with the complement, the
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fluorescence signal should decrease dramatically as the opening of the hairpin causes the
fluorophore to move away from the surface. By this scheme, this NAO based
fluorescence platform could be used to increase the sensitivity of DNA hybridization
detection.
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